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ABSTRACT
ANALYSIS OF TITANIUM DIOXIDE NANOPARTICLES IN FOODS
USING RAMAN SPECTROSCOPIC TECHNIQUES
SEPTEMBER 2020
JANAM PANDYA, B.E., GUJARAT TECHNOLOGICAL UNIVERSITY
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Dr. Lili He
Titanium dioxide (TiO2) and its nanoparticles (NPs) are widely used in various
applications. Recently, the presence of TiO2 NPs in food and consumer products raised
safety concerns to human health and the environment. Analysis of TiO2 NPs using
traditional techniques such as electron microscopy and dynamic light scattering (DLS) is
challenging and time-consuming. The goal of this project is to explore the capability of
Raman Spectroscopy in the analysis of TiO2-NPs and apply this technique for the analysis
of TiO2-NPs in food and environmental samples. Two approaches, i.e. the ligand-based
and the mapping-based, were evaluated.
The ligand-based approach utilized the surface enhanced Raman scattering (SERS)
property of the TiO2 NPs as a substrate to enhance the signal of a surface bound ligand,
gallocyanin (GLN). This SERS property is only specific to NPs of TiO2, thus based on the
R-value obtained from the ratio of TiO2 to GLN peak intensities, we hypothesize the Rvalue can be used to differentiate the NPs from their counterparts. To test this hypothesis,
we evaluated various factors, including the size and concentration of the nanoparticles,
ligand concentration and experimental parameters such as sample incubation technique to
vii

the R-value. The result shows the size of TiO2 is the primary factor that determined the Rvalue. TiO2 ranges from 65-8 nm had a similar R-value ranged from 2.4 to 3.4 with no
statistical difference, however, the R was found significantly higher for 93 nm and 173 nm
samples. This result demonstrates the potential of R as a rapid screening method to
determine the presence of NPs in TiO2. Besides size, the results showed the significant
impact of particle and ligand concentration on R. On the other hand, pH and ultrasonication
did not have any impact. One limitation of this approach is when there was a stronger
ligand such as sodium pyrophosphate (SPP) added to disperse the particles, SPP occupies
the surface of particles and prevented the interaction of TiO2 with GLN.
Taking advantage of uniform and stable dispersion using SPP, we evaluated the second
approach that is based on Raman mapping in combination with filtration to analyze TiO2NPs. We evaluated Raman intensity and map coverage (%) of four different sizes of TiO2
(173, 93, 41 and 5 nm). The result shows that the 100× magnification was the most capable
of detecting the smaller size particles down to 5 nm and as low as 0.0004 g/L. The mapping
data revealed the capability of this approach to analyze the size of particles depending on
the concentration. At relative higher concentration (e.g. 0.04 g/L), there is a linear
correlation between the particle size, its hydrodynamic diameter and % map area covered
by the particles. In addition, we observed a linear relationship between the Raman
intensities and their particle size, which can be used in distinguishing the particles. At lower
concentrations (e.g. 0.0004 g/L), no statistical difference was found in the Raman
intensities of particles within nano-rage, although, the larger particles showed significantly
higher intensity values.
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Both SERS and Raman mapping methods were evaluated to determine the mean particle
size and the amount of NPs from commercial E171 and food samples. We evaluated three
E171 samples purchased from Amazon.com and three food samples: powdered non-dairy
coffee creamer, powdered donuts and chewing gum. The preliminary SEM analysis
revealed that one of the E171 samples obtained was rutile polymorph which was marketed
as food-grade TiO2, whereas the chewing gum contained the highest, 69% nanosized
particles. Using R obtained from SERS analysis we were able to predict the mean particle
size of chewing gum samples, however, due to the lack of R-values from standards between
65 to 200 nm, the SERS approach was not successfully able to estimate the mean particle
size of the samples that contained a higher percentage of particles in that range.
Consequently, using the correlation established between the map area and Raman intensity
with the particle size, we were able to successfully estimate the particle size of TiO2
particles from both E171 and food samples. We then estimated the amount of NPs from
the map area obtained by applying the Raman intensity threshold for the cut-off intensity
of 93 nm particles. In all, we developed the novel, rapid, sensitive and economical method
to analyze the TiO2-NPs and successfully demonstrated its application in commercial E171
as well as food samples.

ix

TABLE OF CONTENT

ACKNOWLEDGEMENTS ........................................................................................ XIV
ABSTRACT ............................................................................................................... VVIII
LIST OF TABLES ....................................................................................................... XIV
LIST OF FIGURES ..................................................................................................... XIII
1. INTRODUCTION......................................................................................................... 1
1.1. Background ........................................................................................................... 1
1.2. Objectives ............................................................................................................. 4
2. LITERATURE REVIEW ............................................................................................ 6
2.1. Nanoparticles ........................................................................................................ 6
2.1.1 Nanomaterials and Nanoparticles: Definition and Classification ........ 6
2.1.1.1 Definition .......................................................................... 6
2.1.1.2 Classification..................................................................... 7
2.1.2 Engineered Nanoparticles: Properties, Applications and Toxicity ..... 9
2.1.2.1 Properties .......................................................................... 9
2.1.2.2 Applications .................................................................... 10
2.1.2.3 Toxicity ........................................................................... 13
2.2. Titanium Dioxide and its Nanoparticles ............................................................. 15
2.2.1 Background ........................................................................................ 15
2.2.2 Application and Toxicity ................................................................... 18
2.2.2.1 Application...................................................................... 18
2.2.2.2 Toxicity ........................................................................... 20
2.3. Current Technology in Analyzing TiO2-NPs in Food and Environment ........... 22
2.3.1 Analytical Techniques for Quantification of TiO2-NPs..................... 23
2.3.2 Analytical Techniques for Size Characterization of TiO2-NPs ......... 24
2.4. Raman and Surface-Enhanced Raman Spectroscopy ......................................... 27
2.4.1.Raman Spectroscopy .......................................................................... 27
2.4.2.Surface-Enhanced Raman Spectroscopy ........................................... 29
2.4.3.SERS and Nanoparticles .................................................................... 34
3. FACTORS AFFECTING THE SERS ANALYSIS OF TITANIUM DIOXIDE
NANOPARTICLES ........................................................................................................ 36
Abstract ...................................................................................................................... 36
3.1. Introduction ........................................................................................................ 37
3.2. Materials and Method ......................................................................................... 39
3.2.1 Chemicals ........................................................................................... 39
3.2.2 SERS Analysis of TiO2-NPs .............................................................. 39
x

3.2.2.1 Point Selection ................................................................ 41
3.2.3 Experimental Design .......................................................... 43
3.2.4 DLS, SEM, TEM and Statistical Analysis ......................... 45
3.3. Results and Discussion ....................................................................................... 46
3.3.1 SEM and TEM Measurement ............................................................ 46
3.3.2 Raman Spectroscopy of TiO2-NPs..................................................... 49
3.3.3 Size characterization of TiO2-NPs using SERS ................................. 50
3.3.4 Factors affecting SERS analysis of TiO2-NPs ................................... 54
3.3.4.1 Size.................................................................................. 54
3.3.4.2 Ligand Concentration...................................................... 57
3.3.4.3 Particle Concentration ..................................................... 59
3.3.4.4 pH.................................................................................... 61
3.3.4.5 Ultrasonication ................................................................ 64
3.3.4.6 Dispersing Agents ........................................................... 66
3.4. Conclusion .......................................................................................................... 70
4. EVALUATING THE POTENTIAL OF FILTER-BASED RAMAN MAPPING
FOR THE ANALYSIS OF TIO2-NPS........................................................................... 71
Abstract ...................................................................................................................... 71
4.1. Introduction ........................................................................................................ 72
4.2. Materials and Methods ....................................................................................... 74
4.2.1 Materials ............................................................................................ 74
4.2.2 Sample Preparation ............................................................................ 74
4.2.3 Raman Mapping of TiO2-NPs............................................................ 76
4.2.4 DLS and Statistical Analysis ............................................................. 76
4.3. Results and Discussion ....................................................................................... 77
4.3.1 Raman Mapping of TiO2 particles ..................................................... 78
4.3.2 Objective Lens ................................................................................... 81
4.3.3 Raman Mapping of Different Sizes of TiO2 particles ........................ 85
4.4. Conclusion .......................................................................................................... 91
5. APPLICATION OF SERS AND RAMAN MAPPING APPROACHES IN THE
DETECTION OF TIO2-NPS FROM FOOD SAMPLES ............................................ 92
Abstract ...................................................................................................................... 92
5.1. Introduction ........................................................................................................ 93
5.2. Materials and Methods ....................................................................................... 74
5.2.1 Materials ............................................................................................ 74
5.2.2 Sample Preparation ............................................................................ 74
5.2.3 SERS Analysis and Raman Mapping ................................................ 76
5.2.4 SEM and Statistical Analysis ............................................................. 76
5.3. Results and Discussion ....................................................................................... 77
5.3.1 SEM Analysis .................................................................................... 78
5.3.1.1 E171 Samples................................................................. 97
xi

5.3.1.2 Food Samples ................................................................. 99
5.3.2 SERS Analysis ................................................................................... 78
5.3.2.1 E171 Samples............................................................... 101
5.3.2.2 Food Samples ............................................................... 102
5.3.3 Raman Mapping ................................................................................. 78
5.3.3.1 E171 Samples............................................................... 104
5.3.3.2 Food Samples ............................................................... 108
5.4. Conclusion ........................................................................................................ 113
6. SUMMARY AND OUTLOOK ................................................................................ 114
BIBILIOGRAPHY ....................................................................................................... 117

xii

LIST OF TABLES
Table

Page

Table 2.1 Application of engineered nanoparticles………………………………………………

11

Table 2.2 Raman peak assignment based on the vibrations of chemical bonds
and functional groups……………………………………………………

30

Table 3.1 Summary of Experiments Performed…………………………………

44

Table 3.2 Particle Size Obtained by SEM/TEM and Hydrodynamic Diameter
Obtained by DLS Corresponding to Supplier Particle Size Claim………………

48

Table 4.1 Hydrodynamic diameter of particles prepared in 0.005 M SPP
solution and dispersed with probe sonication. Different alphabets mean
statistically different results (p<0.05)……………………………………………

78

Table 4.2 Percentage of Map area covered by different concentrations of 173
85
and 8 nm particles when analyzed using 20X and 100X microscope objectives...
Table 4.3 Percentage of Map area covered by different concentrations and sizes
of TiO2 particles………………………………………………………………….

86

Table 5.1 Mean particle size distribution and R-value for the E171 samples…..

102

Table 5.2 Mean particle size distribution and R-value for the TiO2 particles
103
from food samples………………………………………………………………..
Table 5.3 Estimated average particle size for E171 sample shows no significant
different compared to the mean size from TEM analysis. Similar alphabet in a
raw mean no significant difference (p≥0.05)…………………………………….

107

Table 5.4 Estimation of the amount of NPs in E171 samples. Different
108
alphabets in a raw mean significant difference between the values (p<0.05)……
Table 5.5 Estimated average particle size for TiO2 particles in food. Different
alphabet in a raw indicates significant difference in the values(p<0.05)………...

111

Table 5.6 Estimation of the amount of NPs in TiO2 particles from food
samples. Similar alphabet in a raw mean no significant difference (p≥0.05)……

111

Table 6.1 Advantages and limitations of SERS based, and Raman mapping

115

based approaches………………………………………………………………..

xiii

LIST OF FIGURES
Figure

Page

Figure 2.1 Characteristic physiochemical properties of nanoparticles………

10

Figure 2.2 The crystal structure of (A) anatase, (B) rutile and (C) brookite
forms of TiO2………………………………………………………………………………………………………..

17

Figure 2.3 Titanium content (µg of Ti/ mg of product) in (A) food products and 19
(B) personal care products………………………………………………………..
Figure 2.4 Photocatalytic application of TiO2-NPs……………………………..

20

Figure 2.5 Energy-level diagram showing the states involved in Raman
scattering (a) Rayleigh scattering (b) Stokes Raman spectroscopy (C) AntiStokes Scattering…………………………………………………………………

28

Figure 2.6 Illustration of Surface-Enhanced Raman Scattering………………… 30
Figure 3.1 Schematic diagram of the sample preparation for the size
characterization of TiO2-NPs under Raman microscope……………………….

40

Figure 3.2 Point selection under Raman microscope for the analysis of TiO2NPs for (A) 0.2 g/L and (B) 0.0002 g/L concentration of the NPs……………...

42

Figure 3.3 Scanning electron microscopic images of (A) 200 nm (B) 100 nm
47
(C) 50 nm (D) 40nm (E) 30 nm (F) 5 nm Particles………………………………
Figure 3.4 Transmission electron microscopic Image of 5 nm Particles……….

48

Figure 3.5 Raman spectra and peak assignment of TiO2 anatase, rutile and a
mixture of both types…………………………………………………………….

49

Figure 3.6 Raman spectrum of TiO2 anatase, gallocyanin and SERS spectrum
of anatase bound gallocyanin……………………………………………………

53

Figure 3.7 SERS spectra of 200, 93 and 65 nm TiO2 particles. Insert A
displays the R-value associated with each sample……………………………

53

Figure 3.8 (A) Cumulative R-value considering all the variable affecting R.
55
Similar alphabets on each bar means no significant difference in the R-value
(p>0.05) (B) Linear relation between R and % of 40 nm particles mixed with 93
nm………………………………………………………………………………...

xiv

Figure 3.9 SERS Spectra of 0.2 g/L 93 nm and 41 nm particles prepared with
50, 20, 10 and 5 µM GLN. Different alphabets on each bar represents a
significant difference in the R-value (p<0.05)…………………………………...

58

Figure 3.10 Effect of gentle shaking vs vigorous shaking on R. Different
alphabets on each bar represents significant difference in the R-value (p<0.05)..

58

Figure 3.11 The impact of concentration for the various size of TiO2-NPs on R.
Different alphabets on each bar represents significant difference in the R-value
(p<0.05)…………………………………………………………………………..

60

Figure 3.12 Effect of pH adjustment of 0.2 g/L, 6 5 nm particles on R. Similar
alphabets on each bar means no significant difference in the R-value
(p>0.05)…

63

Figure 3.13 Effect of sonication treatment on 0.2 g/L, 6 5 nm particles on R.
Similar alphabets on each bar means no significant difference in the R-value
(p>0.05)…………………………………………………………………………..

65

Figure 3.14 (A) DLS Particle size measurements of probe and bath sonicated
65 nm particles (0.2 g/L) with and without SPP, (B) Stability of both probe and
bath sonicated 29 and 93 nm (0.2 g/L) particles in presence of SPP over four
days. Similar alphabets on each bar mean no significant difference in the Rvalue (p>0.05). For figure (B the statistical analysis for each treatment was
performed separately……………………………………………………………..

68

Figure 3.15 SERS Spectra of 65 nm, 0.2 g/L TiO2 particles dispersed by probe 69
sonication with and without SPP…………………………………………………
Figure 4.1 Components of a vacuum membrane filtration system……………… 75
Figure 4.2 (A) and (B) are the Raman map of negative control and are 93 nm,
0.04 g/L TiO2-NPs respectively. Figure (C) and (D) shows the corresponding
Raman spectra of negative control and TiO2 particles respectively……………

80

Figure 4.3 (A), (B) and (C) are the maps of 93 nm TiO2-NPs 0.04, 0.004 and
83
0.0004 g/L concentrations respectively, collected from 20X objective. (D), (E)
and (F) are the map of the same particles collected from 100X objective
respectively. (G), (H) and (I) are the map of 8 nm TiO2-NPs of 0.04, 0.004 and
0.0004 g/L concentrations collected from 20X objective. (J), (K) and (L) are the
map of same particles collected from 100X objective respectively……………
Figure 4.4 Raman intensity of peak at 137 cm-1 for 173 nm and 8 nm TiO2
84
particles analyzed using 20X and 100X magnification for concentrations (A)
0.04 g/L and (B) 0.0004 g/L. Similar alphabets on each bar means no
significant difference in the Raman intensity (p>0.05)…………………………..
Figure 4.5 Raman maps TiO2 particles of different sizes and
concentrations…....................................................................................................
xv

88

Figure 4.6 (A) Correlation of % map area covered by 0.0004 g/L particles to
89
particle size obtained by TEM and hydrodynamic diameter from DLS (B)
Correlation of % map area covered by 0.004 g/L particles to particle size
obtained by TEM ………………………………………………………………...
Figure 4.7 Raman intensity of 0.04 g/L TiO2 particles of different sizes……….

90

Figure 4.8 Raman intensities of 0.004 and 0.0004 g/L TiO2 particles of
different sizes. Similar alphabets on each bar means no significant difference in
the Raman intensity (p>0.05)…………………………………………………….

90

Figure 5.1 Scanning Electron Microscopic Images of (A) S1 (B) S2 and (C) S3
of food grade
TiO2………………………………………………………………………………………………...

98

Figure 5.2 Particle size distribution of three E171 samples…………………..

99

Figure 5.3 Scanning Electron Microscopic Images of (A) Coffee creamer (B)
Donuts and (C) Chewing gum………………………………………………….

100

Figure 5.4 Particle size distribution of TiO2 particles extracted from food
samples

100

Figure 5.5 SERS analysis of sample 2 showed the presence of rutile form of
TiO2………………………………………………………………………………

101

Figure 5.6 Raman maps of two E171 samples at 0.04, 0.004 and 0.0004 g/L
concentrations……………………………………………………………………

106

Figure 5.7 Total area occupied by particles vs area occupied by NPs at 0.04 g/L 107
concentration. Blue pixels in the threshold map represents NPs whereas red
pixels represent larger particles…………………………………………………
Figure 5.8 Raman maps of TiO2 particles from food samples at 0.04, 0.004 and
0.0004 g/L concentrations……………………………………………………….

110

Figure 5.9 Total area occupied by particles vs area occupied by NPs at 0.04 g/L 112
concentration. Blue pixels in the threshold map represents NPs whereas red
pixels represent larger particles…………………………………………………
.

xvi

CHAPTER 1
INTRODUCTION
1.1. Background
Nanotechnology has grown immensely in last few decades, opening up new and
innovative opportunities and bringing solutions to many challenges in various fields. With
the advancement in the technology, nanomaterials are synthesized and engineered to
achieve unique such as size, surface characteristics, physicochemical properties and
functionalities that make them valuable in numerous applications1. However, with its
increasing applications, many studies report harmful effects of various engineered
nanomaterials on the ecosystems and human health2-5,46. Titanium Dioxide (TiO2) is one
of the most popular and widely produced engineered nanomaterial (ENP) with a global
production of more than 3000 tons per year6. TiO2 is natural sources and assembles in three
polymorphs, from which, Anatase and Rutile are most widely used. Titanium Dioxide
nanoparticles (TiO2-NPs) are extensively used as a white pigment in plastic, paper, rubber,
paint, toothpaste, sunscreen, pharmaceuticals, food and cosmetics7. TiO2 accounts for twothird of all the pigments produced globally and values about $13 billion8.
In food, anatase form of TiO2 is permitted as food additive E171 and considered
Generally Recognized as Safe (GRAS). It is used as a white pigment, foods like plantbased milk, coffee creamers, candies, chewing gum, frosting, pudding etc. In addition, it is
also used as a flavor enhancer and bulking agent in foods such as beer, wine, mustard, soup,
nuts, etc.9. The characterization of E171 shows that 36% of the total particles within nanorange9. Despite its use in various products, in the last two decades, many studies
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demonstrated the potential toxicity of TiO2 on human health and environment10-19. In
addition, a toxicology analysis of different structures of TiO2-NPs reported 100 times more
toxicity of anatase than rutile form20. Initial research primarily reported the toxicology of
TiO2-NPs with regards to its uptake by inhalation and based on data available then the
Internal Agency for Research on Cancer (IARC) concluded that the studies showed
sufficient evidence of carcinogenicity in animals and therefore, classifying it as Group 2B
carcinogen21. However, French food safety agency (ANSES) found toxicological effects
of the oral injection of TiO2-NPs in the recent studies conducted by the organization,
banning the selling the food products containing TiO2 in France, starting January 2020.
Although the United States Food and Drug Administration (US FDA) and European Food
Safety Agency (EFSA) reports, E171 safe for human consumption, both of these
organizations continue to re-evaluate the toxicology of E171 based on new research and
evidences22. Apart from this, the fate of TiO2-NPs in environment is concerning as well.
Studies have reported elevated levels of TiO2-NPs in environment water and its impact on
ecosystem23-25.
Although the safety of TiO2-NPs in foods still remains controversial, concerns
amongst food industry and consumers are rising. Owing to its abundance in nature, unique
properties and compatibility with most food products, finding a replacement of TiO2 is
extremely difficult. Besides, toxicological effect of the particles depends on many
parameters, but most importantly size and concentration therefore, quantification and size
characterization is very important. Currently available technologies for size
characterization and quantification of TiO2-NPs are Inductive Couple Plasma (ICP)
techniques electron microscopy techniques, Dynamic Light Scattering (DLS) and Flow-
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Field Fractionation (FFF). All of these techniques have one or more major disadvantages.
The ICP techniques require complex sample preparation and involve hazardous chemicals
such as strong inorganic acids. The capital investment and overall cost of analysis of ICP
technologies are significantly higher. Similarly, electron microscopic techniques provide
high-resolution images which can be analyzed to determine the size and morphology of
the particles, but high operational cost, requirement of skilled analysts, complex sample
preparation and analysis time limit their use to research laboratories and organizations.
DLS is the most commonly used rapid measurement technique, that is inexpensive and
requires no sample preparation, but it shows poor accuracy in multimodal particle size
distribution as the scattering intensity of the small particles is often masked by the larger
particles26,27. Aggregation in aqueous solution is a characteristic of TiO2-NPs and the size
characterization using both DLS and FFF requires uniform particle dispersion for the
accurate measurement. Additionally, most of these methods are not capable of
distinguishing the type of TiO2 such as anatase, rutile and brookite, which is important as
all these forms have different toxicological effects and mechanisms of action.
Consequently, there is a potential opportunity for an economically reliable, accurate and
rapid screening method that can simultaneously quantify, detect the particle size and
identify the type of the TiO2-NPs.
Raman spectroscopy and Surface-Enhanced Raman Spectroscopy (SERS) is a
powerful technique that shown great sensitivity towards nanosized materials. In
preliminary research presented by Zhao et al. showed the potential of SERS in
simultaneous identification, quantification and size characterization of TiO2-NPs28.
However, further research is required to characterize the particles in the nano-range.
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Additionally, the physicochemical properties of the particles can be altered by many
external factors and understanding the effects of these factors on SERS analysis is
necessary for the accurate size characterization of TiO2-NPs, which is the primary focus
of this study. The present study also investigates the implementation of SERS method for
detection of NPs in real-time samples such as from lake surface water.
1.2. Objectives
The overall objective of this study was to evaluate the potential of Raman scattering
techniques in the analysis of TiO2-NPs. The specific objectives of the studies were
designed to understand the influence of factors influencing the SERS analysis, evaluating
the Raman mapping technique and application of the technology in real time analysis.
Objective 1: Evaluate the factors affecting the SERS analysis of TiO2-NPs
As demonstrated by Zhao at el., the size of TiO2-NPS can be differentiated from larger
particles by its SERS effect on the legends bound with it. However, many experimental
factors including particle size, particle and legend concentration, dispersion techniques
such as pH, ultrasonication and dispersing agents can influence the analysis. Herein, we
assess these factors and their impact in the analysis of TiO2-NPs in terms of the ratio value
R of Raman intensity of TiO2 particles to the SERS intensity of the ligand.
Objective 2: Evaluate the potential of filter-based Raman mapping technique for the
analysis of TiO2-NPs
Raman imaging instrument and its capability of collecting a map consisting of thousands
of spectra can be utilized in developing a filter-membrane based technique in the analysis
of TiO2-NPs. The membrane filtration technique allows larger sample quantity which can
4

further reduce the limit of detection of the analysis making it suitable for environmental
analysis. The sensitivity of TiO2 structure towards Raman scattering can be used to develop
ligand-free analysis technique.
Objective 3: Application of Raman mapping technique in the detection of TiO2-NPs from
food and environment samples
Herein, we will evaluate the practical application of the Raman mapping method by
evaluating its potential in analyzing TiO2 anatase NPs from food and rutile NPs from lake
water samples.
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CHAPTER 2
LITERATURE REVIEW
2.1. Nanoparticles
2.1.1. Nanomaterials and Nanoparticles: Definition and Classification
2.1.1.1. Definition
The nano prefix is derived from the Greek word for dwarf. In general,
nanomaterials (NMs) are defined to have at least one dimension in the range of 1 and 10
nanometers (nm). However, different organizations and agencies have difference in
opinion in defining NMs29. Globally, the International Organization for Standardization
(ISO) defines NMs as “material with any external dimensions in the nanoscale or having
internal structure or surface structure in the nanoscale”30. In the United States, Food and
Drug Administration (FDA) has not established regulatory definition of “nanotechnology”
“nanomaterials” or “nanoscale” but considers the definition the term that is defined by
National Nanotechnology Initiative Program NMs as “materials that have at least one
dimension in the range of 1 and 100 nm and exhibit the dimension dependent
phenomena”31. However, the Environmental Protection Agency (EPA) provides different
definitions of NMs and nanoparticles (NPs). According to EPA, “NMs are the diverse class
of substances that have structural components smaller than 100 nm in at least one
dimension. NMs include NPs, which are particles with at least two dimensions between
approximately 1 and 100 nm”32. In Europe, the EU states that “a manufactured or natural
material that possesses unbound, aggregated or agglomerated particles where external
dimensions are between 1–100 nm size range”33. Whereas, the British Standards Institution
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broadly defines as NMs as “materials with any internal or external structures on the
nanoscale dimensions” but specifically describes NPs as “Nano-object with three external
nanoscale dimensions.”34. Overall, Nanomaterials is a broad terminology with the
materials in the nano-range, but nanoparticles are more defined unpolymerized nanostructures and can be considered as a subset of NMs.
2.1.1.2. Classification
Nanomaterials and nanoparticles can be classified similarly in many different ways
such as based on their origin, material composition and dimensionality. Based on the
origin, the NPs and NMs can be classified into two categories
•

Natural: Natural NPs are the nano-size particles or materials that are found naturally
in the environment. Regardless of human actions, they are present throughout the
earth’s spheres such as atmosphere, hydrosphere lithosphere and biosphere29. On
the other hand,

•

Synthesizes: NMs are intentionally produced through a defined physical, chemical
or biological fabrication process. They are often referred to as engineered
nanomaterials (ENMs) or nanoparticles (ENPs)

Based on the material composition, the NMs can be classified into four categories:
•

Carbon-based: Carbon-based NMs contain carbon and can be further classified as
Fullerenes, carbon nanotubes, carbon nanofibers, carbon black, graphene, and
carbon onions. They are found in the morphological structure of hollow tubes,
ellipsoid and sphere
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•

Inorganic-based: The inorganic-based NMs are further classified into metal and
metal oxide-based nanostructures. This type of NMs are widely engineered from
Nobel metals such as gold (Au), silver (Ag), and metal oxides such as titanium
dioxide (TiO2), silicon dioxide (SiO2) and zinc oxide (ZnO).

•

Organic-based: Organic NMs are nanostructures comprised of organic molecules
and are biodegradable and non-toxic35. Some of the examples of organic NMs are
Dendrimers, micelles, liposomes, ferritin, etc. Because of their unique
composition and characteristics, organic NMs are widely used for drug delivery
applications.

•

Composite-based: composite-based NMs are the heterogeneous materials with
one phase in the nanoscale dimensions associated with another nanoscale phase or
larger molecules. Nanocomposites are found in nature or engineered and comprise
of carbon, metal or organic-bases NMs with metal, ceramic or polymer bulk
material. Recently, nanocomposites have received a huge amount of interest
because of the improved mechanical properties, thermal stability and electrical
conductivity36.

Finally, the NPs can also be classified based on dimensionality, NMs can also be
categorized in zero-dimensional (0-D), one-dimensional (1-D), two-dimensional (2-D) and
three-dimensional (3-D). Quantum dots, carbon nanotubes, graphene and nanocomposites
are examples of 0-D, 1-D, 2-D and 3-D NMs respectively.
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2.1.2. Engineered Nanoparticles (ENPs): Properties, Applications and Toxicity
2.1.2.1. Properties
The concept of nanotechnology was first introduced by Physicist Richard Feynman
in his talk There’s Plenty of Room at the Bottom at the annual meeting of American
Physical Society in December 195937. With the advancement of technology, in the last few
decades, nanotechnology has grown rapidly and has become one of the most emerging
grounds, opening up tremendous opportunities in several fields. Nanoparticles are
synthesized and engineered for the shape, size and surface properties to achieve unique
physiochemical properties and functionalities, making them useful for many diverse
applications1. Fundamentally, NPs comprise of three layers: the core, the shell material and
the surface layer. The core is the center of the NPs and usually referred to NPs itself. The
core may play an important role in the functionality or toxicity of the NPs, but it is not the
only component that affects the fate of the NPs. The shell is an outer layer of the core and
is chemically different material than the core, for example, quantum dots where the core
can be one material such as cadmium selenide and the shell is another as zinc sulfide. The
surface layer is the outermost layer and is often functionalized with metal ions, surfactants
or polymers to deliver targeted fiction38. Figure 2.1 shows the graphical representation of
typical physicochemical properties of nanoparticles. Many of its distinct characteristics are
dependent on particle size and are attributed to its larger surface area. Size and shape are
also the essential characteristics as they exert primary control over the distribution of the
reactive surface sites responsible for their functionality, particularly in the drug delivery
where it is important for its entry in the cell and the interaction with the immune system3941

. The size and shape of the nanomaterials also control its aggregation or agglomeration,
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an important aspect that may adopt entirely new characteristics as nanocomposites40. In
aquatic and environmental systems, it plays a critical role in the partitioning of the
contaminates trapped by the aggregation42. Though the aggregation behavior of the NPs
can also be affected on the surface chemistry including charge, coating and binding of a
functional group. Surface functionalization and coating techniques are commonly used in
targeted drug delivery43.
2.1.2.2. Applications
Due to the attractive and exclusive characteristics attributed to their small size, the
NPs are widely engineered and functionalized to perform a targeted function. ENPs have
a wide range of applications in diverse fields like biological, medical, foods, personal care,
drug delivery and engineering, just to name a few. ENPs are also used in consumer goods
such as tennis, golf and bowling balls, in the fabrication of high-performance tires,
cosmetics and pharmaceutical products44. With the advancement and innovation of the

Figure 2.1 Characteristic Physiochemical Properties of Nanoparticles1
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technology, the scope of ENPs applications is widening rapidly and by 2024 the global
nanotechnology market is expected to exceed US$ 125 billion45. Table 2.1 summarizes
various applications of different ENPs.
Table 2.1 Application of Engineered Nanoparticles44
Engineered

Products/Applications

Nanoparticles (ENPs)
Carbon nanotubes

Electronic devices, field emission devices, and composite

(CNTs)

materials, numerous biological and medical applications, as
adsorbent material for the removal of pollutants from water

Carbon nanohorns

Catalyst supports, and drug delivery

Tin oxide (SnO2)

Transparent conducting coating of glass, gas sensors, solar
cell, and heat mirror, gas sensors, catalyst supports

Aluminum oxide

Batteries, adsorbent, grinding, catalysis, polishing abrasives

(Al2O3)
Cerium oxide (CeO2)

Abrasive materials of chemical−mechanical polishing
(CMP) oxygen sensor, polishing materials, gas sensors, fuel
additive

Silicon dioxide (SiO2)

Pharmaceutical products, vegetable oil refining, ceramics,
detergents, adhesives, electronics, chromatography, fireproof
glass, fillers, catalysts
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Titanium dioxide

Food coloring, photocatalyst, pigments, an additive in

(TiO2)

pharmaceuticals and cosmetics, paints, antibacterial and selfcleaning materials, sunscreen, cosmetics, UV-protection,
catalysis, self-cleaning window coating, fillers, catalyst
supports, and photocatalysts

Zinc oxide (ZnO)

Electrostatic dissipative coating, semiconductor material,
chemical sensors and solar cells paints, sunscreen, cosmetics,
electrical and optical devices, food packaging, catalysis,
diode lasers, chemical absorbent, pigments, optical materials

Zinc sulfide (ZnS)

Electroluminescent devices, solar cells, and phosphors

Iron oxide (Fe3O4)

Removal of contaminants, sensors, magnetic resonance
imaging, biomanipulation; magnetic storage media magnetic
refrigeration magnetic resonance imaging (MRI) DNA
detection and drug delivery system and cancer therapy

Metallic copper NPs

Applications in catalysis

Silver NPs

Dental resin composites, coatings of medical equipment,
paints, textiles, antibacterial agent, food packaging

Magnesium −

Sensors, catalysis

aluminum oxide
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Cadmium sulfide (CdS) Photodetectors, optoelectronics, and for solar cell
applications
zerovalent iron (Fe0)

Water remediation

Gold NPs

Drug delivery applications

Fullerene (C60)

Superconductors and for drug delivery, sensors, cosmetics
catalyst, polymer modifications, optical and electronic
devices, sporting goods, polymers, and biological and
medical applications, lubricants

2.1.2.3. Toxicity
However, the same NPs that are valuable and useful in many applications, also have
potential to exert adverse toxicological impacts on human health, ecosystem and the
environment. Many studies report and describe the mechanism of harmful effects of
various engineered nanomaterials on the ecosystems and human health2-5,46. Silver
nanoparticles (Ag-NPs) and titanium dioxide nanoparticles (TiO2-NPs) have been studied
the most and linked the potential cytotoxicity on human organs as well as increased
cardiovascular, reproductive and carcinogenic risks10,11,47-49. Ag-NPs have long been used
as an anti-microbial substance and its prevalence in the ecosystem is concerning. Many
studies have shown that silver can enter the human body in many different ways and can
accumulate in various organs like lungs, spleen, kidney, liver, and brain. Contradictory,
gold NPs have been found to be non-toxic and relatively safe because of its inert core.
Metal oxides such as aluminum oxide, iron oxide and zinc oxide have also been studied
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widely for their toxicity. Aluminum oxide, which contributes to 20% of the nano-sized
chemicals, has been reported to have dose-dependent genotoxic properties50. Whereas, the
iron oxide particles remain in cell lysosome and may increase the microvascular
permeability and cell lysis; cause inflammation and significantly impair the blood
coagulation parameters51. Similarly, zinc oxide NPs have also been shown to induce
cytotoxicity and elevated cell membrane damage and increased oxidative stress in a cell
culture study52. The Toxicological effects of TiO2-NPs have also been researched
extensively and have been discussed in detail in section 2.2 of this chapter.
The key in the toxicity of any NP is also its physiological properties and its
interaction with the cell. The particle size is a primary contributor to the toxicity. Greater
surface area to volume ratio of these particles increases their chemical reactivity
significantly and results in increased production of reactive oxygen species (ROS). The
production of the ROS causes oxidative stress, inflammation53. The smaller size also makes
it possible for them to enter the cell. In the cell, the NPs induce cytotoxicity by generating
intracellular ROS and damaging the proteins, cell membranes and DNA. A study
conducted titanium dioxide nanoparticles reported that the ROS activity for the 30 nm
particles was the highest, constant between 30 and 100 nm and decreased between 30 and
10 nm54. The same study also found that the crystalline phase of TiO2 also affects the
ROS54. The amorphous phase was found to be generating more ROS than anatase of rutile
because of possible surface defects as active sites. The shape of the particles also affects
the toxicity level of the NPs. The rod-shaped Fe2O3 NPs were found to be producing higher
cytotoxicity than sphere-shaped particles in a murine macrophage cell line. In addition to
the size and shape, surface charge also affect the cellular uptake of the particles and their
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interaction with biomolecules. For example, a study conducted on three similarly sized iron
oxide particles with different charges were found to have different toxicities on human
hepatoma cell line55.
NPs have been used in various industries and their use is increasing exponentially
and so is their exposure to humans. Therefore, accurate detection and characterization of
the NPs in the ecosystem, especially food and environment is extremely important for the
safety of the humans and the environment.
2.2. Titanium Dioxide and its Nanoparticles
2.2.1. Background
Titanium dioxide (TiO2) also known as Titania is an inorganic compound that
naturally occurs in the oxide form and sourced from ilmenite, rutile and anatase. It is an
odorless and tasteless white powder. TiO2 is non-reactive, non-flammable, heat-stable and
poorly soluble in most solvents including water, organic solvents, hydrochloric acid and
dilute sulfuric acid. It has excellent physicochemical properties, such as good fatigue
strength, resistance to corrosion, machinability, biocompatibility, whitening and
photocatalysis, as well as excellent optical performance and electrical properties56. Pure
TiO2 assembles in three polymorphs, i.e., anatase, rutile and brookite however, an
additional fourth form, amorphous TiO2 has also be described. Anatase and rutile assume
tetragonal while brookite assumes orthorhombic crystalline structure57. Figure 2.2 shows
structures of all three forms of TiO2. Thermodynamically, rutile is the most stable phase
while anatase and brookite are metastable and readily transform to rutile when heated58.
Both anatase and rutile forms of TiO2 are produced in varying particle-size fractions and
widely used in the commercial products compared to brookite because of the difficulties
15

encountered in obtaining it in a pure phase. Most of the TiO2 is manufactured and purified
from ilmenite and rutile mineral sand via chloride process which preliminary yield rutile.
However, food grade TiO2, is manufactured from sulfuric acid-based method which can
yield anatase, rutile or mixture of both depending on the reaction condition. According to
an estimate, TiO2 accounts for two-third of all the pigments produced globally valuing at
about US$13.2 billion8.
Whereas, TiO2-NPs are synthesized either by solution based methods such ass
including sol gel method, hydrothermal procedure and electrochemical procedure or by gas
phase procedures including chemical vapor deposition and physical vapor deposition.
Amongst all, the sol gel method is most widely used as it provides utilizes low processing
temperatures and provides product homogeneity and control over particle size and shape59.
TiO2-NPs are mostly found to be in the metastable anatase form due to low-energy. TiO2NPs are mostly known for their photolytic activity due to its extremely small size.
However, unlike other NPs, the TiO2-NPs tend to agglomerate and are often coated with
silicon or aluminum to achieve better dispersion. TiO2-NPs are one of the most popular
and widely produced ENPs with a global production of more than 3000 tons/year and
expected to increase significantly by 20256. In recent years, TiO2-NPs and its extensive use
have raised many questions about its safety and toxicity to humans.
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Figure 2.2 The crystal Structure of (A) anatase, (B) rutile and (C) brookite forms of
TiO2 1
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2.2.2. Application and Toxicity
2.2.2.1. Application
TiO2 and its NPs, mainly in rutile and anatase forms, are used in a number of
applications serving many different purposes. It is widely used as a bulking agent and white
pigment because of its brightness, high refractive index, and resistance to discoloration.
About 70% of total TiO2 produced is used as a pigment in paint however, it is also used as
a white colorant in food, personal care products such as cosmetics and toothpaste, plastic,
paper, rubber, pharmaceuticals, etc.7. In food, TiO2 anatase is preliminarily used as food
additive E171. Anatase is considered Generally Recognized as Safe (GRAS) is the only
form that is allowed to be used in the food grade applications. According to FDA, the food
grade TiO2 (E171) should be 99% pure and can be used up to 1% by weight of the food60.
As a white pigment, TiO2 enhances the white color of certain foods such as dairy and nondairy products such as coffee creamers, plant based milk, yogurt and ice-creams, candies,
puddings, frostings and toothpaste. It is also used as a flavor enhancer in nonwhite products
such as nuts, seeds, soups, dried vegetables, mustard, beer and wine9.
On the other hand, the TiO2-NPs possess the photolytic activity and widely used as
a sunblock sunscreen to obtain the protection against UV light. In addition, the TiO2-NPs
are also used in photodegradation of organic pollutants and water splitting to generate
hydrogen for fuel61. Apart from that, TiO2 nanostructures have recently gained interest in
potential applications as an anode in lithium-ion batteries and gas sensors59. Other
applications of the TiO2-NPs also include self-cleaning glasses, construction and building
material, anti-microbial, biomedical, wood preservative and textile. Figure 4.3 highlights
key fields of application of TiO2-NPs.
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Figure 2.3 Titanium content (µg of Ti/ mg of product) in (A) food products and
(B) personal care products7
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Figure 2.4 Photocatalytic Application of TiO2-NPs62
2.2.2.2. Toxicity
Traditionally, TiO2 has been considered as non-toxic material and has been used
freely in applications including foods. However, in the last two decades, the research began
to demonstrate the potential toxicity and carcinogenicity of the NPs. In February 2006, The
International Agency for Research on Cancer (IARC) classified TiO2 as a Group 2B
carcinogen i.e. possibly carcinogenic to humans21. Following to that, Canada’s Workplace
Hazardous Materials Information System (WHMIS) also classified it as carcinogen under
class D2A63. Currently, the titanium content in food products ranges from <0.1 ppm to 14
ppm but in personal care products such as sunscreens, it's level increases as much as 10%
by mass64. The characterization of the ingredient TiO2 used in consumer products revealed
that about 36% of total particles were in the nano-range9. This raised the concern of its use
especially in consumer products, amongst consumers, industry and government across the
world.
Anatase form of TiO2 is preliminary used as food additive and a toxicology analysis
conducted on different structures of TiO2 revealed that the anatase is 100 times more toxic
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than the rutile form20. The study also showed that the anatase generated six times more
ROS than rutile form when exposed to UV irradiation65. Also, anatase NPs showed stronger
adjuvant activity than rutile in an allergy model based on the intranasal sensitization of
mice with ovalbumin66. Recently, France announced the ban on selling the food products
containing TiO2 starting January 2020, based on the opinion by French food safety agency
(ANSES). The agency studied the toxicological effect of the oral injection of TiO2-NPs
and the report recommended reducing the TiO2 exposure to the consumers, workers and
the environment22,67. Contradictory, The European Food Safety Agency (EFSA) reevaluated E171 as food additive in 2016 and 2018 and concluded that based on the
available literature, TiO2 does not pose any concerns respect to carcinogenic activity and
genotoxicity and considering it safe for human consumption22.
In recent years there is been increase in the number of publications studying
toxicological effects of TiO2-NPs. Initially, the toxicology of TiO2-NPs was studied mainly
with regards to its uptake by inhalation. But In past three years, more than 100 studies
investigate the toxicity of TiO2-NPs in different animal models with respect to oral
delivery. Most of them show strong evidence of various toxicities and adverse health
effects. TiO2-NPs have been reported to be accumulated in multiple organs such as heart,
brain, spleen, lung, leaver and kidney, and exhibiting developmental and genetic
toxicity11,12. A study conducted on Drosophila melanogaster (fruit flies) resulted in adverse
effects on reproductive dynamics, repetitive breeding and increased genotoxicity13. Apart
from fruit flies, developmental and genotoxicity of TiO2 were also reported in zebrafish1416

. In another study reported on rats, food grade TiO2 containing diet promoted colon

microinflammation and accelerated the growth of aberrant crypt foci, thereby showing
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carcinogenic activity10. Research in rats points out that liver may also be the target organ
of TiO2-NPs induced toxicity17,18. Moreover, Morgan et al. provide evidence of
reproductive toxicity provoked by TiO2NPs in adult male rats19. The mechanism of toxicity
may be attributed to some of the following reasons: Reactive Oxygen Species (ROS)
produced by TiO2-NPs, cell wall damage caused by cell attachments, due to electrostatic
force from the larger surface area or due to the attachment to intracellular organelles and
biological macromolecules2. The NPs can also interact with the DNA and other genetic
material within the cell and thereby inducing genotoxicity68.
ENPs including TiO2-NPs are also an emerging class of environmental
contamination that has to drown attention of the researchers. The industrial revolution and
exploration of a new area of NPs application have increased the risk of their fate in the
environment, significantly affecting the ecosystem. A recent study quantifying the total
amount of TiO2-NPs in the surface water from Lake Taihu, China, showed alarmingly
elevated levels23. Widespread use of TiO2-NPs may pose a threat of combine exposure of
it with other pollutants and intensify the toxicity24. A study investigating the toxicity TiO2NPs in presence of bisphenol A (BPA) found increased oxidative stress, and micronuclei
formation as a result of synergistic effect25. High concentrations of the NPs in the
environmental water may also induce genotoxicity in aquatic life such as freshwater fish
and algae. However, more research is still needed to be conducted to further investigate the
presence and environmental implications of TIO2-NPs.
2.3. Current Technology in Analyzing TiO2-NPs in Food and Environment
Although countries like France have already banned the use of TiO2 in food
products, EU and USA are still investigating the scientific evidence and there are
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significant challenges that restrict the investigation and affirmative actions on its usage in
consumer products. The consumers demand cleaner and safer products which means the
elimination of TiO2 from the food products however, for the industry and government there
are some major challenges. One of them being, finding a suitable replacement for TiO2.
Because of its abundance in nature, unique properties and compatibility with most food
products, finding a replacement for TiO2 is extremely difficult. In addition, toxicological
effect of the TiO2-NPs depends on many parameters, but most importantly size and
concentration therefore, quantification and size characterization is very important.
Currently available analytical techniques and method for the quantification and size
characterization of TiO2-NPs is discussed below.
2.3.1. Analytical Techniques for Quantification of TiO2-NPs
Currently used analytical technologies for quantification of TiO2 are Inductive
Coupled Plasma Mass Spectrometry (ICP-MS) and Inductive Coupled Plasma Optical
Emission Spectrometry (ICP-OES) and Single Particle Inductive Coupled Plasma Mass
Spectrometry (SP-ICP-MS). From all, ICP-MS is widely considered as gold standard
method and used for the analysis of many elements including Ti. Many studies have
reported using ICP-MS for reliable quantification of Ti and the analysis protocol is widely
available6,9,20,23. However, the quantification of Ti using these analytical techniques
requires complex sample preparation. TiO2 is chemically stable in solid phases and not in
ionic form so, to convert the TiO2 in the elemental form that can be detected by the
instrument, nitric acid (HNO3), hydrochloric acid (HCL), hydrofluoric acid (HF), sulfuric
acid (H2SO4), hydrogen peroxide (H2O2) and their combinations are used6. Often time
microwave digestion is used to achieve higher reproducibility of the results. Nevertheless,
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these techniques can only quantify the amount in the form of total Ti and cannot
differentiate the NPs. Therefore, in order to analyze NPs, ICP-MS is usually hyphened with
techniques such as Flow Field Fractionation (FFF) or Hydrodynamic Chromatography
(HDC), but these techniques are unable to deal with low NPs concentration69. However, a
recent advancement in the technology, SP-ICP-MS is been reported to overcome many of
these challenges6,23,69-72. SP-ICP-MS operates on the basis of traditional ICP-MS but in a
“single-particle” mode, where nanoparticles are introduced individually into the instrument
and then recording the time-resolved analysis (TRA) intensity within each short dwell
time69. However, the chemicals used in the ICP-MS analysis are not green and environment
friendly and pose significant hazards to human health and environment. In addition, highly
trained professionals are required for accurate sample preparation and operation of these
instruments. Overall analysis cost is also much higher using these technologies because of
higher capital investment, specific facility requirements and the usage of ultra-pure
reagents.
2.3.2. Analytical Techniques for Size Characterization of TiO2-NPs
Along with quantification, size characterization is a crucial factor contributing to the
toxicity of the TiO2-NPs. Weir et al. first characterize the food grade TiO2 E171 and
reported that it contained at least 36% particles with one or more dimensions in the nano
range (<100 nm)7,22. With the current urgency of eliminating TiO2 from consumer
products, a reliable and rapid size characterization technique can bring up a solution that
can be beneficial to both industry and consumers, i.e. removal of the NPs from E171. In
the latest report in 2019, EFSA from EU stated not to consider E171 potential carcinogen
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and ban its use in the food products and mentioned working on the physio-chemical
characterization including size of E171 before coming to any conclusion22.
Many studies have been reported characterizing the TiO2-NPs from food and
environment using different analytical techniques6,7,9,20,23,69-71,73. The current technology
used for size characterization of TiO2-NPs includes Microscopic, light scattering, flow
fractionation, and spectrometry based methods74. The most commonly used microscopic
techniques include Scanning Electron Microscopy (SEM) and Transmission Electron
Microscopy (TEM). For example, Peters et al. and weir et al. used SEM to characterize the
NPs in E171 and foods such as chewing gum7,9. SEM and TEM provide high-resolution
images that not only help to determine the size of the individual particle but also help
understanding its morphology and other characteristic behavior such as aggregation.
However, high capital investment and operational cost, requirement of skilled analysts,
complex sample preparation and analysis time (especially in case of TEM) limit their use
to research laboratories and organizations. A very small sample size is used for SEM and
TEM measurements which often may not provide the accurate representation of the entire
sample. Dynamic light scattering (DLS) is another most commonly used rapid
measurement technique that measures the Brownian motion of the NPs in the suspension
and relates its viscosity to the size. Although the sample preparation is minimal and the
analysis time is in minutes, as an indirect detection method, DLS shows poor accuracy in
multimodal particle size distribution as the scattering intensity of the small particles is
often masked by the larger particles26,27. Flow-Field Fractionation (FFF) another technique
that utilizes external field perpendicularly applied to the laminar flow with a parabolic
velocity profile of the sample which results in particle concentration according to their
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size75. However, aggregation in aqueous solution is a characteristic of inorganic NPs and
the size characterization using both DLS and FFF requires uniform particle dispersion for
the accurate measurement.
Although conventional ICP-MS detects the elemental Ti and cannot differentiate the
NPs, studies have reported the size characterization of TiO2-NPs from environmental
water samples using ICP-MS coupled with FFF and HDC. However, these methods are
not accurate enough with lower concentration samples. Above all, SP-ICP-MS is being
pushed as a gold standard method for NPs characterization in recent years. SP-ICP-MS
characterizes the NPs based on the intensity difference of a single particle when injected
in the system by comparing it with the intensity of the standard with particular particle
size. However, there are certain disadvantages limits its potential. One of the major
limitations its size detection limits. A recent study published by Lee et al. reported the
detection limit of SP-ICP-MS only up to 20 nm for TiO2-NPs69. Additionally, the sample
preparation for the analysis is extremely critical and optimum dilution is required to be
attained to achieve individual monitoring of a single NP76. It is also critical to remove any
matrices, as they heavily interfere with the signal. Furthermore, to achieve reliable, precise
and accurate characterization and quantification of the NPs, state of the art instrumentation
such as quadrupole instruments with collision cell for kinetic energy discrimination, ICPSFMS with mass resolution up to about 10 000, the quadrupole based MS/ MS technique
(ICP-QQQ), etc. are necessary. These instruments require extremely high capital
investment and also have high operating cost, which might serve as a valuable asset for a
research organization or laboratory but is not economically sustainable for TiO2
manufacturers or the food industry just to characterize the particle size of E171. Other
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miscellaneous methods such as X-ray diffraction (XRD), electron microscope coupled
with energy disruptive spectrometer (EDS) have also been reported for the characterization
ingredient TiO2-NPs from lake water23,77.
Nevertheless, most of the methods discussed above are not capable enough to
distinguish the type of the TiO2 such as anatase, rutile and brookite, which is important as
all these forms have different toxicological effects and mechanism of action.
Consequently, there is a potential opportunity for an economically reliable, accurate and
rapid screening method that can simultaneously quantify, detect the particle size and
identify the type of the TiO2-NPs. Surface-Enhanced Raman Spectroscopy (SERS) is a
novel emerging technique that is ultra-sensitive to nano-rage. The next sub-section
discusses the potential of SERS in characterizing NPs in detail
2.4. Raman and Surface-Enhanced Raman Spectroscopy
2.4.1. Raman Spectroscopy
Raman spectroscopy is a vibrational spectroscopic technique first introduced by
Indian physics Dr. C.V. Raman in 192878. Basically, it is an inelastic scattering of light
where incident photons interact hit the molecules, most scattered elastically, called
Rayleigh scattering. But when the photon interacts with the molecule, it either gains or
loses the energy and scatters inelastically. The incident photon scattered with energy gain
is called anti-stokes scattering and scattering of low energy photon is termed as Stokes
scattering79. Figure 2.5 illustrates this phenomenon. The change in the energy of inelastic
scattering of the photon is termed as Raman scattering whereas the frequency change is
called Raman shift. The intensity of the Raman scattering at each Raman shift constitutes
Raman spectra. The Raman shifts are dependent on the chemical bonds or the functional
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groups of the molecules involved in the scattering. Therefore, the Raman spectra can
provide a “fingerprint” or “barcode” of a specific molecule that helps in identification and
quantitative analysis of a substance. Dr. C.V. Raman was awarded a Nobel prize in Physics
for the invention in 1930. Raman scattering has a high molecular specificity, making it an
excellent technique for material analysis however, it is a rare phenomenon, with a very
low probability of Raman scattered photon, approximately 1 in 10880. For this reason,
Raman spectroscopy did not see any major developments until 1960 where the invention
of laser expended the scope of the experiments. Between 1970 to 2000, advancement in
the rapid detection techniques and nanotechnology introduced the concept of surfaceenhanced Raman spectroscopy (SERS).

Figure 2.5 Energy-level diagram showing the states involved in Raman scattering
(a) Rayleigh scattering (b) Stokes Raman spectroscopy (C) Anti-Stokes Scattering
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2.4.2. Surface-Enhanced Raman Spectroscopy
Surface-Enhanced Raman Spectroscopy (SERS) is the recent advancement of the
Raman spectroscopy that provides significant enhancement to the Raman shifts of the
molecule, making it detectable even at lower concentration. In 1974, Fleischman et al.
proposed the SERS phenomena for the very first time, when they observed enhanced
pyridine signals when it was absorbed on to the roughed silver surface81. Since then, SERS
has received significant amount of research interest and many potential applications have
been explored. Although the mechanism of SERS is very complicated and not fully
understood yet, it is observed that the signal improvement is mostly obtained by
electromagnetic enhancement and chemical effects in some cases. SERS additionally
requires the presence of SERS substrates which are typically metal nanostructures as an
integral component82. Where, the interaction is not only between light and analyte
molecules but also with nanostructures which provides a signal enhancement up to 1011
depending on the nature of the target analyte and the SERS substrate82,83. This type of
effect is usually provided by electromagnetic waves that are generated when the incident
light excites the electrons of the metal substrate. When the analyte is placed in the
proximity of these electromagnetic waves, it experiences enhanced electromagnetic field
and produces an enhanced Raman scattering. Alternatively, the chemical enhancement is
the effect of the charge transfer which occurs when the molecule is absorbed on a metal
surface, providing signal enhancement84. Compared to the electromagnetic enhancement,
the charge transfer mechanism only provides up to 100 times signal enhancement85. Figure
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2.6 illustrates the concept of SERS, whereas table 2.2 shows Raman/SES peak assignments
of the molecular or functional group86.

Figure 2.6 Illustration of Surface-Enhanced Raman Scattering

Table 2.2 Raman Peak Assignment Based on the Vibrations of Chemical
Bonds and Functional Groups86
Raman

Chemical Bonds or Functional Groups

Peak (cm-1)
143-148

TiO2 Anatase

240-275

Au-Cl, Au-S, Au-N, or Au–C vibrations, AuNP aggregation

445-450

TiO2 Rutile

460

Proteins

469

Hydroxyquinoline

545

Glutathione (N-C-C), cysteine, nucleic acids

30

651-659

Glutathione (C-S), cysteine, C-S

669

Oxidized glutathione (C-S, C-S, N-H, amide IV), porphyrin ring

731-739

NAD (A ring), hydroxyquinoline, proteins, C-S

799

Glutathione (COO-), NAD

874

Glutathione (C-C), enzymatically bound NADP+, proteins

902

Glutathione (C-C), proteins

912

RNA

920-944

Oxidized glutathione (C-COO-), NADH (N), chlorophyll a, proteins

952

Oxidized glutathione (C-COO-), proteins

979-980

RNA, NADP+ (P), proteins

1022-1026

NAD+ (N ring)

1030-1034

NAD (N ring), enzymatically bound or unbound NADP+, glutathione
(C-N), phenylalanine

1037-1038

Proteins

1125

Glutathione (N-C, C-C), proteins

1157-1166

β-carotene, carotenoids, quinoid rings, proteins, tyrosine

1169-1174

Proteins, enzymatically bound NADH (A)

1175

Proteins, Oxidized glutathione (C-CN, NH3+), tyrosine, phenylalanine,
hydroxyquinoline

1192

Phosphate of DNA/RNA

1203

C-C6H5 stretch

1214

Oxidized glutathione (Amide III, III', C-O, CH2), hydroxyquinoline, βcarotene, DNA/RNA
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1224

Proteins (i.e., reductase enzymes, amide III), DNA/RNA

1244-1246

Glutathione (amide III), NADH (N, A), proteins

1250-1253

Glutathione (amide III), β-carotene, hydroxyquinoline, NADP+,
DNA/RNA, proteins

1264

Glutathione (amide III), hydroxyquinoline, nucleobases (T, A), proteins
(amide III or =C-H)

1267

Hydroxyquinoline, proteins

1278

Oxidized glutathione (Amide III, III', C-O, CH2), proteins (i.e. reductase
enzymes)

1282

Proteins (i.e., reductase enzymes), Amide III, glycine, proline

1288-1304

Chlorophyll a, nucleobases, amide III

1340-1344

NAD+ (A ring), chlorophyll a, proteins

1410

Glutathione (COO-), enzymatically bound NADP+ (A/R, N)

1445-1449

C-H2, proteins

1476-1484

Hydroxyquinoline, NAD (A ring), proteins (i.e., reductase enzymes)

1491-1495

Chlorophyll a, Oxidized glutathione (CH2, N-H, CN), NAD (A ring),
nucleobases, proteins (i.e., reductase enzymes)

1517-1527

β-carotene, carotenoids, chlorophyll a, porphyrin rings, proteins (i.e.,
reductase enzymes)

1544-1554

NAD (A ring), chlorophyll a, amide II, tryptophan

1559-1562

Amide II

1565-1569

Hydroxyquinoline, amide II, tryptophan, COO-, nucleobases

1584-1591

NADP+ (A/R, N), NAD (N ring), proteins (i.e., reductase enzymes)
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1594-1597

Hydroxyquinoline, NAD+ (N ring), proteins

1604

Oxidized glutathione (NH3+), proteins (i.e., reductase enzymes)

1623

Glutathione (amide I, I'), NAD+ or NADP+ (N), proteins (i.e., reductase
enzymes, amide I)

2125-2146

Au (0)–CN-

Recent advancements in this technology and development of innovative
nanostructures as SERS substrate now allowed users to detect an analyte within a few
minutes and with very little on no sample preparation time. Since Raman scattering results
from the vibration of the chemical bonds or functional group, it is an excellent
fingerprinting tool for each molecule present in the analyte, making it highly selective. In
many applications, SERS is a direct and nondestructive tool that can detect the targeted
analyte with minimal or no sample preparation87. Moreover, SERS is considered a highly
sensitive analytical method that is capable of detecting even a single molecule and with
the detection limit up to parts per billion (ppb) or parts per trillion (ppt) levels88. In spite,
Raman microscope is easy to operate with very short analysis and data collection time
period and does not require highly trained personals to operate. The Raman microscope is
available as benchtop instrument, portable as well as handheld device and shows
compatibility with many other analytical techniques such as headspace analysis, filtration
methods and immunological assays89-91. In addition, the portable version of the technology
is also capable of in situ identification and detection of toxins, food additives, bacteria
etc.92,93. These unique advantages of SERS make it much more powerful and advantageous
compared to other vibrational spectroscopic techniques such as infrared (NIR). Therefore,
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the application of SERS is increasing in food and pharmaceutical testing with a particular
focus on chemical contaminates, adulterants83,94,95.
2.4.3. SERS and Nanoparticles
Metal nanostructures, as discussed above, are considered powerful SERS substrates.
Metal nanostructures such as Ag, Au, Cu, and TiO2 exhibit strong Raman signals and also
provide significant signal enhancement to the analyte signals when placed in the proximity
of the NPs. Many studies have shown successful application of Raman spectroscopy in
detection of ENPs in food and environment95-98. Nanoparticles in the suspension or
aggregated form are also widely used as SERS substrate in detection of microbes,
pesticides, food additives, toxins or other contaminants with NPs with higher sensitivity
and lower limit of detection95,99-102. The signal enhancement of the NPs depends upon
many physiochemical properties of the NPs but most importantly, on the size and shape103.
Within the nano-range, when the particles are too small, the effective conductivity and
light scattering properties, which are needed for SERS enhancement, diminish and as the
size increase, the SERS effect increases as it depends on the number of electrons
available104. Nevertheless, the signals from the nano-sized particles are higher compared
to the larger size particles.
Previous studies have shown that both anatase and rutile polymorphs of TiO2-NPs
are sensitive to the Raman spectroscopy and show strong and distinct Raman shifts105.
Hence, TiO2-Nps has been used as a SERS substrate in many studies to detect the targeted
analyte106-109. However, very few to no studies have considered SERS as a tool for sizecharacterization of the NPs, specifically TiO2-NPs. Zhao et al. recently presented the
potential of SERS in characterization of TiO2-NPs in a preliminary study28. This study
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demonstrated that, due to the advantage of greater SERS effect of NPs on a ligand, it was
possible to differentiate the TiO2 particles within and outside of the nano-range. However,
further research is required to characterize the particles in the nano-range. Additionally,
the physiochemical properties of the particles can be altered by many external factors and
understanding the effects of these factors on SERS analysis is necessary for the accurate
size characterization of TiO2-NPs, which is the primary focus of this study. The present
study also investigates the implementation of SERS method for detection of NPs in realtime samples such as from lake surface water.
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CHAPTER 3
Factors Affecting the SERS Analysis of Titanium Dioxide
Nanoparticles
Abstract
Titanium dioxide and its nanoparticles are widely used in different applications and in
recent times, its safety to human health and environment is a rising concern. Herein, we
evaluated the potential of Surface-Enhanced Raman Spectroscopy (SERS) as an analytical
tool in the analysis of TiO2-NPs. We first demonstrated that Raman spectroscopy can easily
distinguish between different polymorphs of TiO2 such as rutile and anatase. Also,
Gallocyanin (GLN) assisted SERS method was also able to easily distinguish between the
nano-sized particles from the larger particles based on R-value obtained from the ratio of
TiO2 to GLN peak intensities. Furthermore, we evaluated the factors affecting the SERS
analysis of the NPs to better understand its sensitivity within the nano-range. We found
that the size and concentration of the nanoparticles, ligand concentration and experimental
parameters such as sample incubation technique and point selection for the measurement
could have major influence on the SERS analysis. Furthermore, numerous dispersion
techniques were assessed to evaluate its potential in dispersing the TiO2-NPs and effect on
the SERS analysis. We found that probe sonication method in combination with dispersing
agents produced most stable and disperse suspension however, due to the charge-transfer
effect it prevented the interaction of TiO2 with GLN.
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3.1. Introduction
Titanium dioxide (TiO2) and its nanoparticles (NPs) are widely used in numerous
applications serving various functions8,56. Due to its inexpensive cost, abundant
availability, unique properties and advancement in nanotechnology, the market of TO2
nanomaterials is seeing an exponential growth6,21,63. It’s anatase form, E171 is considered
as GRAS and used in food and pharmaceutical products as a white color, bulking agent
and flavoring agent [18]. However, in the recent year, researchers have demonstrated its
potential toxicity and have been categorized as potential carcinogens in many
countries,21,63. Especially, its application in food and consumer products raises a significant
concern because at least 36% of the E171 has been reported nano-sized9. Therefore, size
characterization of the TiO2-NPs is significantly important to ensure its elimination for the
safety of human health and environment.
Surface Enhanced Raman Spectroscopy (SERS) is considered a powerful analytical
technique in detection of food and environment contaminants due to its high selectivity and
specificity100,110. SERS possesses strong sensitivity towards NPs and many researchers
have demonstrated the potential of SERS in the characterization of metal nanoparticles111114

. The previous research published by Zhao et.al demonstrated a novel approach in

analyzing TiO2-NPs using SERS. It utilizes the ratio value (R) between the Raman intensity
of the TiO2 peak and the SERS intensity of the ligand bound to TiO2 particles. The SERS
intensity of the ligand relies on the size of the NPs thereby, providing a distinct R for
different particle sizes within and outside the nano-range28. Although their research
demonstrates a proof of concept of SERS application in the detection of the TiO2-NPs,
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different particle sizes in the nano-range requires further investigation. Moreover, NPs
behavior can be altered by their intrinsic properties and many experimental factors. Hence,
understanding the impact of these factors on the SERS analysis is necessary for accurate
size characterization of TiO2-NPs.
The overall goal of this study was to examine in detail, the potential of SERS as a tool
to analyze nanoparticles specifically, TiO2-NPs and evaluating the challenges in the
analysis by understanding the factors affecting the NPs behavior and its sensitivity to
SERS. Since SERS has a great sensitivity in the nano-range and the enhancement of the
ligand signals entirely depends on the size of the particles surrounded by it, agglomeration
may play an important role in the analysis. Moreover, other factors such as size and
concentration of the NPs, ligand concentration, sample preparation and SERS analysis
technique may cause significant influence on the accurate measurement. We first examined
the performance of the method previously developed by Zhao et al. using GLN as a ligand.
We chose GLN as a ligand instead of Myricetin (MYC) because the overall signal intensity
of MYC was found to be weak especially at lower concentrations and GLN showed
stronger sensitivity towards SERS. We then evaluated factors affecting the SERS analysis
one by one. We then examined the effect of different dispersion techniques such as pH
adjustment, Ultrasonication and dispersing agents for their ability to disperse TiO2-NPs
and influence on SERS measurement. We took this approach to better understand the effect
of size, concentration and measurement techniques on R-value.
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3.2. Materials and Method
3.2.1. Chemicals
All Titanium dioxide Anatase powder samples of particle sizes 5,30,40,50,100 and
800 nm (nominal size provided by the supplier) were purchased from US Research
Nanomaterials Inc. (Houston, TX) and MK Nano (Mississauga, ON). All the other
chemicals used during this study such as gallocyanin (GLN), hydrochloric acid (HCL),
sodium hydroxide (NaOH) and sodium pyrophosphate (Na4P2O7) were purchased Sigma
Aldrich (St. Louis, MO). All the chemicals and reagents were prepared with ultrapure
water (18.2 MΩ·cm) from Barnstand Smart2Pure Water Purification System (Thermo
Scientific, Waltham, MA), except, GLN which was prepared in absolute ethanol purchased
from Fisher Scientific (Waltham, MA).
3.2.2. SERS analysis of TiO2-NPs
The SERS analysis of TiO2-NPs was conducted by following the protocol as
described in fig. 3.1. The TiO2 particles were first dispersed in ultrapure water with an
initial concentration of 0.4 g/L and sonicated for at least 10 minutes using bath sonicator
[Branson 2000, Branson Ultrasonic, Danbury, CT] and/or probe sonicator [Fisher
Scientific, Waltham, MA]. The dilutions were made by diluting the stock solution with
ultrapure water and sonicating prior to use. GLN stock solution of 1 mM concentration
was prepared in ethanol and diluted to desired concentration prior to use. As illustrated in
the schematic diagram, first 100 µL of the TiO2 suspension was mixed with equal volume
of GLN in a 0.5 ml plastic tube (Fisher Scientific, Waltham, MA). The mixture was
allowed to incubate for 30 minutes at room temperature with gentle shaking, followed by
centrifuging at 6000 G for 5 minutes in Sorvall centrifuge (Thermo Scientific, Waltham,
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MA) and the supernatant was discarded. The particles were redisposed with 10 µM of
ultrapure water.
For the measurement of Raman microscope, 2 µL of the sample was dropped on a
gold slide (Fisher Scientific, Waltham, MA) and allowed to air-dry. The sample was then
analyzed on Raman microscope (DXR, Thermo Scientific, Waltham, MA) equipped with
a 780 nm laser. All the analyses were performed using a 20X microscope and 5.0 mW
laser power. The slit aperture and acquisition time was set at 50 µm and 2 seconds
respectively. The data was collected and analyzed using OMNIC 9.7 software (Thermo
Scientific). For each measurement, three replicates were collected to ensure repeatability.
At least 10 spots were randomly selected for each replicate and the spectrum was collected
in the rage of 100 to 2000 cm-1. Discriminant analysis on TQ Analyst 9.7 software (Thermo
Scientific) was performed to average the spectra and to obtain the statistical spectrum.

Figure 3.1 Schematic Diagram of the Sample Preparation for the Size
Characterization of TiO2-NPs Under Raman Microscope
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3.2.2.1. Point Selection
The selection of the analysis points is very important in achieving good
reproducibility of the results. Once all the samples are prepared, placed on gold slide and
air-dried, the TiO2 aggregate can be clearly seen under the Raman microscope for the
higher sample concentration. But for the lower concentration, it can be easily mistaken
with dust particles or other impurities on the slide. Therefore, correct selection of points is
very important to obtain accurate and reproducible results. Figure 3.2 shows an example
of point selection and corresponding spectrum of 93 nm particles for both 0.2 and 0.0002
g/L concentration. All the analysis was conducted using 20X microscopic objective. It is
very important to have clean and scratch less gold slide to achieve good repeatability of
the signals with lower standard deviation. Selection of correct spot generates reproducible
singles for both higher and lower concentrations.
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Figure 3.2 Point selection under Raman microscope for the analysis of TiO2NPs for (A) 0.2 g/L and (B) 0.0002 g/L concentration of the NPs
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3.2.3. Experimental Design
Table 3.1 shows the summary of all the experiments performed. All the TiO2
particles were first characterized by TEM to confirm the supplier specifications. In order
to understand all the factors that can influence the size characterization, the first set of
experiments were designed to understand the influence of the experimental parameters
(case 1-3) such as selection of points, ligand concentration (5,10 and 20 µM) and NPs
concentration (0.2, 0.02, 0.002 and 0.0002 g/L). Once the experimental parameters were
optimized, the next set of experiments investigated the effect of agglomeration and
dispersion techniques on the SERS analysis of NPs. TiO2-NPs with different particle sizes
were first analyzed under Raman microscope as well as DLS. All the samples were bath
sonicated for 10 minutes before the analysis, to avoid large agglomerates. These
experiments were critical in building the correlation between the aggregation state of NPs
and the SERS measurement. Many researchers have examined various methods to
understand the NPs aggregation and dispersion115-117. We evaluated some of the most
effective dispersion strategies and such as electrostatic stabilization by pH adjustment,
ultrasonication and dispersing salts such as sodium pyrophosphate in SERS analysis of
NPs. Electrostatic stabilization increases the particle charge of NPs which increases the
particle-particle repulsive forces, thereby suppressing the agglomeration. Different
concentrations of TiO2 dispersion have a pH value of ~5.6. The influence of both acidic
(3.0) and basic pH (10.0) was investigated. The samples were prepared by dispersing the
NPs in ultrapure water and the pH was adjusted adding NaOH and HCL. Ultrasonication
is one of the common techniques used for dispersion. The dispersion here is achieved by
the application of external force to overcome weak van der Waals altercation between
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particles. However, the type and duration of the treatment affect the efficiency of the
dispersion. In this study, we investigated bath and probe sonication techniques. The bath
sonication samples were prepared by simply sonicating in an ultrasonic bath sonicator for
10 minutes at room temperature. For the probe sonication, the samples were initially
dispersed in a bath sonicator for 5 minutes followed by 10 minutes of probe sonication at
50%. TiO2-NPs dispersion and its effect on SERS analysis were also examined by using
dispersing agent, sodium pyrophosphate. The pyrophosphate ions get adsorbed on the TiO2
particles and improve particle dispersion due to the change in the surface charge. The effect
of the dispersing agents in combination with probe sonication was also examined. TiO2
particles were dispersed in 0.05 M Na4P2O7 solution followed by bath sonication and/or
probe sonication.
All the samples were prepared and analyzed on Raman microscope by the protocol
described above. The spectra were collected and analyzed using OMNIC and TQ Analyst
software. Size measurement on DLS was also performed for each case for understanding
the agglomeration status of NPs at each stage and its effect on the SERS measurement.
Table 3.1 Summery of Experiments Performed
Case

Objective

Particle

Particle

Size (nm)*

Concentration Chemicals
(g/L)

1

Initial size characterization

173, 93 and 0.2

of TiO2-NPs

65

44

Solvents and

Used
Water, GLN

2

Point selection under Raman

93

0.2 and 0.0002

Water, GLN

Determine the effect of

173, 93,

0.2

Water, GLN

particle size

65, 41, 29

41 and 93

0.2

Water, GLN

41

0.2

Water, GLN

Determine the effect of

93, 41, 29

0.2, 0.02,

Water, GLN

particle concentration

and 8

0.002 and

microscope
3

and 8
4

Determine the effect of
ligand concentration

5

Determine the effect of
gentle vs vigorous shaking

6

0.0002
7

Effect of pH

65

0.2

Water, GLN,
HCL, NaOH

8

Effect of ultrasonication

65

9

Effect of dispersing agent + 65, 29
probe sonication on particle

0.2

Water, GLN,

0.2

Water, GLN,
SPP

dispersion and SERS analysis
*The particle size mentioned here was obtained from SEM/TEM analysis. Please refer
to section 3.3.1 for more information.
3.2.4. DLS, SEM, TEM and Statistical Analysis
Initial size characterization of all the particles was performed by Scanning Electron
Microscopy (SEM) (JEOL JSM-6320F) and Transmission Electron Microscopy (TEM)
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(JEOL JEM-2000FX). The SEM analysis was performed by placing the powder samples
onto a silicone base. For TEM analysis, the samples were prepared by dropping 10 µL of
the TiO2 solution in water (0.2 g/L, pH 2, adjusted by HCL) on to the copper grid coated
by carbon grid. The grid was dried overnight at room temperature and before the analysis.
Three clear and high-resolution images were captured. Statistical analysis of the size
distribution was conducted using ImageJ software. More than 30 particles were counted
for each image. All the Dynamic Light Scattering (DLS) measurements in this study were
performed after appropriate ultrasonic treatment to achieve uniform dispersion. All the
samples were diluted appropriately to achieve the attenuation number between 6 and 8 in
order to obtain accurate measurements. About 1 ml of the sample was analyzed with NanoZS Zetasizer (Malvern Instruments, Malvern, UK) and the measurements were recorded.
3.3. Results and Discussion
3.3.1. SEM and TEM Measurement
The particle size of the TiO2-NPs samples was first analyzed by SEM. As shown in
figure 3.3 and table 3.2, the particle size of 30, 40 and 100 nm sample was found to be 29,
41 and 93 nm respectively. These numbers were more or less consistent with the numbers
provided by the supplier. However, the particles with a claimed size of 800 and 50 nm
showed an actual size of 173 and 65 nm respectively. The 5 nm particles were very
aggregated and could not be analyzed by SEM (Figure 3.3 (F)), therefor TEM analysis was
conducted by dispersing the particles with acidic pH in a suspension. The particle size
obtained for a 5 nm sample from TEM was 8 nm (Figure 3.4). In addition, the SEM images
also revealed that particles were agglomerated in a uniform arrangement. Particle size data
obtained by TEM was further taken into consideration while performing the experiments.
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Figure 3.3 Scanning Electron Microscopic Images of (A) 200 nm (B) 100 nm (C) 50 nm (D)
40nm (E) 30 nm (F) 5 nm Particles.
47

Figure 3.4 Transmission Electron Microscopic
Image of 5 nm Particles

Table 3.2 Particle Size Obtained by SEM/TEM and Hydrodynamic Diameter
Obtained by DLS Corresponding to Supplier Particle Size Claim
Supplier Size Claim

SEM/TEM Analysis

DLS Measurements

(nm)

(nm)

(nm)

800

173±66

319±12

100

92±28

795±15

50

65±28

3793±482

40

41±7

1039±57

30

29±7

895±77

5

8±2

1523±102
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3.3.2. Raman Spectroscopy of TiO2-NPs
The samples were prepared by placing the 2 µL of 0.2 g/L dispersed anatase and
rutile particles on the gold slide and allowed to air-dry. The slide was then placed under
the Raman microscope and the data was collected using the same parameter mentioned in
section 3.3.2. Figure 3.5 shows the characteristic Raman signature of TiO2 anatase, rutile
and a mixture of both. As seen in the figure, anatase shows the characteristic Raman
shifts at 144, 396, 514 and 636 cm-1, whereas, rutile showed the peaks at 607 and 450
cm-1. These results are consistent with that is reported other researchers28,105,118.
Characteristic peaks of both anatase and rutile can be easily identified in the mixture
sample. Hence, anatase and rutile can be easily distinguished based on their intrinsic
Raman signatures. Similar results were also achieved by other researchers28,119
previously.

Figure 3.5 Raman spectra and peak assignment of TiO2 anatase, rutile and a
mixture of both types
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3.3.3. Size characterization of TiO2-NPs using SERS
Size characterization of TiO2-NPs using Surface Enhanced Raman Spectroscopy
(SERS) utilizes the approach of fingerprinting the NPs as well as the signal enhancement
of ligand bound to the NPs, based on the size of the NPs. SERS is an advancement of the
Raman spectroscopy, where the presence of SERS substrates, typically metal
nanostructures, provides the enhancement to the Raman signals of the analyte94. Although
the signal improvement is mainly due to the large electromagnetic enhancement called “hot
spots” produced by the NPs, the SERS activity critically depends on the parameters like
size, shape and arrangement of the NPs83.
Since the basis of this study depends on this hypothesis and the signal enhancement
of the ligand, GLN, depends on the size of the TiO2-NPs it's bound to, this enhancement
can therefore be utilized to determine the size of the NPs. GLN is phenoxazine dye with
three benzene rings and numerous unsaturated bonds, which provides high bonding affinity
with TiO2-NPs and stronger SERS effect due to its molecular structure. Figure 3.6 shows
characteristic Raman signature of TiO2 anatase, GLN and SERS signature of anatase bound
GLN. Anatase exhibits characteristic Raman peaks at 144, 396, 514 and 636 cm-128.
Whereas GLN shows its peaks at 1639, 1590, 1557, 1514, 1416 and 1333 cm-1. The
spectrum of TiO2 bound GLN clearly indicates the presence of both TiO2 at GLN peaks,
which shows that GLN was able to bound to TiO2 due to charge transfer and obtained the
SERS effect from the NPs. This SERS signals produced by GLN bound to TiO2-NPs in
this study is stronger than ligands reported in previous studies119. Here, the ratio R between
the Raman intensity of the characteristic peak of TiO2 at 144 cm-1and the SERS intensity
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of the characteristic peak of GLN at 1639 cm-1 can be obtained. Notably, This R-value
obtained should be distinct to different particle sizes within and outside nano-range28.
To examine the SERS effect of particles on the ligand and the R-value, three particle
sizes were chosen: within nano-range (65 nm), cut-off (93 nm) and outside nano-range
(200 nm). The sample preparation, measurements on Raman microscope, data collection
and data analysis were conducted by following the protocol described in section 3.3.2.
Figure 3.7 shows the SERS spectra of 173, 93 and 65 nm anatase particles and their
respective R-value. Here, the TiO2 and GLN concentrations are 0.2 g/L and 10 µM
respectively. The intensity of the TiO2 peak at 144 cm-1 is significantly higher for the 173
nm particles and decreases in the nano-range. This could be attributed to the aggregation
and arrangement of the particles on the gold slide upon drying. Moreover, the TiO2 peak
intensity changes with the TiO2 concentration and can be used to quantify the amount of
TiO2. However, if the concentration is fixed, it can also be used to differentiate the NPs
from larger particles. Contradictory, the SERS intensity of GLN peak at 1639 cm-1 is the
lowest for the 173 nm particles. The intensity increases and is the highest for the 93 nm
particles and decreases again for the 65 nm particles but is still higher than 173 nm
particles. The increase in the GLN intensity is a result of the SERS effect from the TiO2
that it is bound to. The SERS enhancement largely depends on the size of the NPs and the
optimum enhancement size range is different for different types of NPs. When particles are
smaller with respect to the wavelength of the excitation light, effective conductivity and
the electronic scattering is reduced, affecting the SERS enhancement120. But, when the
particle size increases within the nonorange, the SERS enhancement increases as it depends
on the number of electron available104. In TiO2-GLN, the SERS enhancement increased
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when the particle size increased from 65 to 93 nm. Njoki et. al also observed that the SERS
enhancement of the gold NPs on 4-mercaptobenzoic acid (MBA) increased when the
particles sized increased from 50 to 90 nm121. As the Raman and SERS intensities of both
anatase and GLN changes with the particle size, its effect can be better understood from
the ratio value R obtained from equation 3.1. The R-value as seen in the insert A of figure
3.6, is significantly lower and distinct for the particles in the nano-range. This shows the
ability of SERS in distinguishing the nanoscale particles from larger particles.
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑇𝑖𝑂2 𝑝𝑒𝑎𝑘 𝑎𝑡 144 𝑐𝑚−1
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝐺𝐿𝑁 𝑝𝑒𝑎𝑘 𝑎𝑡 1639 𝑐𝑚−1

(Equation 3.1)

Although this method can clearly distinguish the NPs from larger particles, the effect
of the different particle sizes in the nano-range on R requires further investigation. The
behavior of the NPs can be altered by some external factors as well as the physicochemical
properties of the NPs and understanding the effects of these factors on the R is necessary
for more accurate size characterization of TiO2-NPs using SERS. While the shape of the
TiO2-NPs used in this study was found to be inconsistent, other experimental factors and
the inherent property of NPs such as agglomeration could impact the accuracy of the
measurement and have been investigated.
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Figure 3.6 Raman spectrum of TiO2 anatase, gallocyanin and SERS
spectrum of anatase bound gallocyanin

Figure 3.7 SERS spectra of 200, 93 and 65 nm TiO2 particles. Insert A
displays the R value associated each sample
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3.3.4. Factors affecting SERS analysis of TiO2-NPs
SERS showed promising results in distinguishing the NPs from larger particles.
However, characterizing the particles in the nano-range can be challenging because of
the unique physicochemical properties of the NPs. Therefore, the effect of these
properties along with some experimental conditions needs to be evaluated to further
explore the potential of SERS as an analytical tool for size characterization of TiO2-NPs.
The effect on the SERS analysis was evaluated in terms of the ratio value R. The factors
first were characterized under primary and secondary factors. The primary factors
included size, concentration of the particles and the concentration of the ligand. The
secondary factors included pH, sonication treatment and the effect of dispersing agents.
3.3.4.1. Size
After examining the potential of SERS in clearly distinguishing the NPs from the
larger particles, the next set of experiments examined the sizes under the nano range. The
size characterization of the nanoscale particles is considered challenging and has only been
achieved with electron microscopy and SP-ICP-MS. However, even using these
techniques, TiO2-Nps smaller than 20 nm is extremely difficult or impossible to
characterize. The impact of the size on SERS analysis of TiO2-NPs was analyzed in terms
of the R-value. Figure 3.7 shows the changes in R with the size of the particles, regardless
of variations in the concentration of the NPs and ligand. The particle size presented here is
obtained from the TEM analysis of the sample and not from the supplier specifications.
Figure 3.8(A) shows the cumulative R-value for the particle ranging from 173 nm to 8 nm,
considering major variables affecting R, such as particle size, particle concentration and
ligand concentration. The effect of each of the variables on R is discussed separately in
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next section. From the figure, it can be identified that R decreases with the decreases in the
size from 173 nm to 65 nm (p<0.05). However, for particles 65, 41, 29 and 8 nm, no
significant difference in the value of R was found (One-way ANOVA, p>0.05). In other
words, particles within the nano-range showed statistically similar R-values. This might be
attributed to the unique properties of the NPs such as agglomeration. TiO2-NPs are not
soluble in the water but dispersed through sonication therefore, as explained by DerjaguinLandau-Verwey-Overbeek (DLVO) theory, their smaller size and larger surface area allow
them to interact with each other122. This particle-particle interaction not only increases their
hydrodynamic diameter but also reduces the surface area for the ligand to bound to, which
might affect the overall SERS enhancement from the NPs. In addition, the concentration
of the ligand and the NPs can also saturate the system, saturating the signals, therefore the
effect of their concentration on R needed to be investigated.
According to the definition by the European Union, the material containing particles
in unbound, agglomerated or aggregation state and containing at least 50% particles with
dimensions within 1 to 100 nm are classified as nanomaterials142. To evaluate the
sensitivity of R to a mixture of particle sizes, we mixed the 41 nm particles with 93 nm
particles at different proportions. The result (Figure 3.8 (B)) shows the R decreased with
the decreasing proportion of 40 nm particles. As low as 10% of 40 nm particles can be
detected based on the R. As the R between 8 and 65 nm is statistically insignificant, this
method is potentially useful for screening for the nanoparticles in this range. However, the
current limitation of this method is the lack of data between 65 and 100 nm due to the
unavailability of the nanoparticle standards in this range.
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Figure 3.8 (A) Cumulative R value considering all the variable affecting R. Similar
alphabets on each bar means no significant difference in the R value (p>0.05) (B)
Linear relation between R and % of 40 nm particles mixed with 93 nm
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3.3.4.2. Ligand Concentration
Three GLN concentrations 5,10, 20 and 50 µM were tested. Figure 3.9 shows the
effect of different GLN concentration on the R of 40 and 93 nm TIO2-NPs. The NPs
concentration is kept constant at 0.2 g/L. Both 40 and 93 nm particles showed similar
effects. The SERS intensity increased from 5 µM to 10 µM but the signal reaches the
saturation at 10 µM and did not increase when the concentration was increased to 20 or
even 50 µM. On the other hand, the intensity of the TiO2 peak decreased with increasing
in the GLN concentration. The decreases in TiO2 intensity with increasing GNL
concentration is a result of the surface layer of GLN on TiO2-NPs. The thickness of the
GLN layer around the NPs may increase with the increase of the GLN concentration, which
limits the interaction of the photon with TiO2. This data also suggests that, although the
SERS effect is mainly dependent on the NPs, the ligand concentration plays an important
role. Therefore, the GLN concentration was optimized to 5 µM in order to avoid surface
saturation and to obtain the satisfactory R-value (>1). Besides, binding of GLN to the TiO2NPs requires about 30 minutes and vigorous shaking and rotation. Gentle shaking or less
incubation time could result in insufficient binding, resulting in higher R, especially for the
sample with higher particle concentration. Figure 3.10 shows the comparison of the Rvalue of 0.2 g/L 40 nm particle sample prepared with gentle and vigorous shaking.
Vigorous shaking kept the particles suspended in the solution and provided opportunities
to bind with the dye. On the other hand, the samples prepared with gentle shaking had
particles sedimented at the bottom creating less surface area for the dye to bound, resulting
in the lower SERS intensity, thereby increasing the R.
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Figure 3.9 SERS Spectra of 0.2 g/L 93 nm and 41 nm particles prepared with 50, 20,
10 and 5 µM GLN. Different alphabets on each bar represents significant difference
in the R value (p<0.05)
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b

Figure 3.10 Effect of gentle shaking vs vigorous shaking on R. Different alphabets
on each bar represents significant difference in the R value (p<0.05)
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3.3.4.3. Particle Concentration
The investigation of the effect of particle concentration on R is very significant as
it can help determines the limit of detection of the method. Four different TiO2-NPs
concentration with a logarithmic reduction from 0.2 g/L to 0.0002 g/L were analyzed to
examine its impact on R. Four particle sizes were chosen to understand the effect of
concentration on R across the nano range: 93, 41,29 and 8 nm. The same analysis protocol
was followed as discussed above and GLN concentration was kept constant at 5 µM. Each
sample was bath sonicated for 10 minutes and prepared by vigorous shaking upon mixing
with GLN to avoid particle sedimentation. Figure 3.11 depicts the effect of different
concentration for different particles on R. The R-value for the 93 nm sample is significantly
higher for the 0.2 g/L sample (p<0.05) which decreases and is statistically indifferent to
the lower concentrations (0.02, 0.002 and 0.0002 g/L) (p>0.05). GLN concentration may
affect the inconsistency in the R-value across the concentration range. At higher
concentration for larger size particles, 5 µM concentration may be insufficient. Increasing
the GLN concentration from 5 to 10 µM resulted in statistically constant R (8.3) for the 93
nm particles across the concentration range (data not shown). Contradictory, for 41 and 29
nm samples, the R-value remains constant across the concentration range (p>0.05). Neither
size of the concentration of the NPs impact the R for these samples. Zhao et. al. conducted
similar experiments on 200, 100 and 30 nm particles using Myricetin as a ligand and
demonstrated the constant R for 0.2 and 0.02 g/L concentrations28. Furthermore, in the
present study, the analysis of the 8 nm particles was found to be difficult for the lower
concentration because of the extremely small particle size. For the higher concentration
(0.2 g/L) the R for the 8 nm particles was found statistically similar to that of other particles
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in the nano-rage however, for the lower concentration, the spot identification on the
microscope is challenging, which reduces the accuracy of the measurement. Overall, based
on the present data the conclusion can be drawn that the R is independent of the
concentration for the particles however, optimization of the correct GLN concentration is
necessary to obtain accurate results. Moreover, accurate and reproducible results were
difficult to achieve for the 8 nm particles, due to its extremely small size.
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Figure 3.11 The impact of concentration for the various size of TiO2-NPs on R.
Different alphabets on each bar represents significant difference in the R value
(p<0.05).
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3.3.4.4. pH
TiO2-NPs are insoluble in water and remain in the dispersed form. However, due
to their smaller size and strong particle-particle interaction, they easily form agglomerate
and sediment down. In the present study, the SERS intensity of the particles relies on two
aspects: the SERS effect gained from the NPs and the aggregation of the particles on the
slide. When particles are aggregated on the slide, it concentrates the particles in one place
thereby allowing maximum number of particles to be detected under a laser spot.
Therefore, the aggregation is favored upon addition of the ligand in the NP suspension.
However, the initial agglomeration of the particles increases its hydrodynamic diameter
and reduces the surface area for the ligand to bound to. Due to this, the SERS effect of the
NPs on ligand may get affected, affecting the overall R. Hence, aggregation may play
critical role in the SERS analysis of the NPs. Moreover, as discussed in the previous
sections, R for the particles within nano-range was found to be statistically similar.
Therefore, the impact of agglomeration on R needs to be evaluated to better understand its
role in SERS analysis of TiO2-NPs. Three different types of stabilization techniques were
applied to study the dispersion effects on R. Charging the particles by changing the pH,
Ultrasonication and using dispersing agents.
The dispersion ability of the particles can be altered by changing the pH of the
suspension. Changing the pH of a solution changes the surface charge of the particles which
could promote dispersion of aggregation depending on the types of the particles and its
isoelectric pH. Isoelectric pH is the point where the particles have zero surface change. But
at lower or higher pH the particles possess positive or negative surface change respectively.
The negative or positive surface charge creates strong electrostatic repulsive forces,
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suppressing the aggregation. The repulsion is strong enough to overcome the weak van der
Waals bond between the particles, however, when the surface charge becomes close to
zero, it weakens and allows the particles to form aggregates. The isoelectric pH of the TiO2
around 5.8123. Therefore, reducing or increasing the pH away from 5.8 should charge the
particles, promoting dispersion. Jiang et al. reported that pH lower than 4.2 or higher than
8.2 may allow the maximum dispersion122. The effect of the pH was examined on 65 nm
particles. The particles (0.2 g/L) were fist dispersed in water by following the standard
protocol. The pH was adjusted to approximately 2 and 10 using HCL and NaOH
respectively. The particle size analysis was performed immediately using DLS to
determine the effect of pH on size distribution. The SERS analysis was also performed
simultaneously to examine its influence on R and the results are shown in figure 3.12. The
DLS data shows that the pH treatment was able to reduce the hydrodynamic diameter of
the particles compared to the control, with basic pH (pH 10) being more effective than
acidic pH. Nonetheless, this approach was considerably ineffective, and the particles were
still found largely aggregated. The standard deviation of the measurement was
considerably higher and size distribution of the pH treated particles was wide-ranging (data
not are shown). This indicated the limitation of DLS in the accurate measurement of the
particle size in the largely agglomerated system. The results obtained here are different
than those reported by Jiang et al., where the researchers were able to lower the size of the
TiO2-NPs considerably by pH adjustment122. In the SERS analysis, no significant
difference in the R was observed for the pH adjusted samples compared to the control
(P<0.05). Both DLS and SERS results suggest that the particle stabilization using pH
adjustment did not have any effect on the SERS analysis of the TiO2-NPs. It remains
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unclear if large agglomeration plays any role in the SERS measurement therefore, other
dispersion techniques were investigated.

a
a

a

Figure 3.12 Effect of pH adjustment of 0.2 g/L, 6 5 nm particles on R. Similar
alphabets on each bar means no significant difference in the R value (p>0.05).
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3.3.4.5. Ultrasonication
Ultrasonication is the most commonly used effective technique to disperse the
nanomaterials or particles in a suspension117. Ultrasonication creates cavitation by pulling
apart the liquid, which can impose enough shear pressure to overcome weak forces of
particle agglomeration122. Probe and bath sonication are the most commonly used
ultrasonication methods. Bath sonication creates active cavitation zones whereas probe
sonication creates a single zone of high concentration of cavities122. Some researchers have
shown the effectiveness of the probe sonication in comparison with bath sonication for
dispersing the NPs117,122,124. However, it has also been demonstrated that probe sonication
could also promote further agglomeration124. The formation of a single zone of cavity
formation and destruction during probe sonication can further enhance particle-particle
interaction and promote agglomeration by kinetic coagulation122. Therefore, the
effectiveness of both probe and bath sonication on the SERS measurement was examined
on the 65 nm particles. The initial sample preparation (control) for all the analysis included
10 minutes bath sonication step for the preparation for NPs suspension. The probe
sonicated sample was first dispersed by bath sonication for 5 minutes and then probe
sonicated for 10 minutes. Both samples were then mixed with the GLN and analyzed on
Raman microscope using standard protocol. The particle size analysis also was performed
using DLS to determine the effectiveness of sonication on dispersion. As shown in figure
3.13, no significant difference in the DLS size measurement between both treatments was
found. Similarly, R for the probe sonicated sample was found slightly lower than the probe
sonicated sample but no statistical difference between both measurements was found
(p>0.05). These results indicate that there was no considerable change in the hydrodynamic
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diameter of both particles was observed between probe and bath sonicated samples.
Therefore, no significant difference in the SERS analysis can be expected. However, some
researchers have also found that ultrasonication in combination with dispersing agents was
most successful in effectively dispersing the NPs122,125. Therefore, the next set of
experiments examined the effectiveness of the combined stabilization technique on SERS
analysis.

a
a

Figure 3.13 Effect of sonication treatment on 0.2 g/L, 6 5 nm particles on R. Similar
alphabets on each bar means no significant difference in the R value (p>0.05).
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3.3.4.6. Dispersing Agents
Another electrostatic stabilization technique used for the NPs dispersion is using
the dispersing agents. Similar to pH, the dispersing salts can control the surface charge of
the NPs by dissociating into charged ions when dissolved in the solution. These ions are
absorbed by the ionic particles such as TiO2, increasing the surface charge of the particles.
Many chemical compounds and their salts have been used as dispersing agents in achieving
uniform dispersion of the NPs. Polyethyleneimine (PEI 600), ammonium polymethacrylate
(Darvan C), Triton X100 and salts containing pyrophosphate such as sodium
pyrophosphate (SPP) have been used by other researchers as a dispersing agent in
combination with ultrasonication122,125. We examined the effectiveness of SPP in
combination probe sonication on TiO2-NPs. The 65 nm particles were first dispersed in
0.001 M SPP solution and dispersed using a bath or probe sonicator for 10 minutes. The
Particle size of both samples was measured by DLS. The absorption of pyrophosphate ions
onto TiO2 surface changed the surface charge and showed significant decrease in the
particle size for both probe and bath sonicated samples compared to the control. Probe
sonicated samples with SPP demonstrated the lowest hydrodynamic diameter of 191 nm
whereas bath sonicated samples with SPP indicated 670 nm (Figure 3.14 (A)). In addition,
a similar test was also performed with 29 and 93 nm particles and the stability of the
dispersion was assessed. The results showed that probe sonication in presence of SPP was
more effective for 29 nm particles compared to bath sonication. However, for the larger
size, for example, 93 nm, both probe and bath sonicated treatments did not have significant
difference. Also, small size particles (29 and 65 nm) produced smaller hydrodynamic
diameter suspension compared to larger particles (93 nm) was more had smaller
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hydrodynamic diameter compared to bath sonication. We also assessed the stability of the
suspension. Both bath and probe sonicated samples in presence of SPP showed excellent
stability with no statistical difference in the particle size over four days (P<0.05). This data
indicates that dispersing agents such as SPP provides more effective particle stabilization
for nano-sized particles compared to any other approaches. Furthermore, the combination
of two dispersion strategies such as sonication and electrostatic stabilization further
reduced the hydrodynamic diameter producing most stable dispersed suspension.
The samples prepared with SPP were then mixed with GLN and analyzed on Raman
microscope to examine its effect on R. Unfortunately, the absorption of the pyrophosphate
ions onto the TiO2 surface did not allow the ligand to bind with the particles. Therefore, no
SERS peak from GLN was observed (Figure 3.15). Additionally, SPP is not a SERS active
compound so even though it was absorbed onto the TiO2 surface, it did not produce any
SERS peak. These results show the specificity of GLN toward TiO2 particles and its
importance in the analysis of the NPs. Although the simultaneous treatment of probe
sonication and electrostatic stabilization resulted in the most stable and dispersed
suspension, the application of this strategy in SERS analysis using GLN as a ligand is not
successful.
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Figure 3.14 (A) DLS Particle size measurements of probe and bath sonicated 65 nm
particles (0.2 g/L) with and without SPP, (B) Stability of both probe and bath
sonicated 29 and 93 nm (0.2 g/L) particles in presence of SPP over four days.
Similar alphabets on each bar means no significant difference in the R value
(p>0.05). For figure (B the statistical analysis for each treatment was performed
separately.
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Figure 3.15 SERS Spectra of 65 nm, 0.2 g/L TiO2 particles dispersed by probe
sonication with and without SPP
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3.4. Conclusion
In conclusion, in the present study, we assed SERS and an analytical tool in the size
characterization of TiO2-NPs and evaluated the factors affecting the analysis. We
demonstrated that SERS is a powerful tool with selectivity and sensitivity in identifying
different TiO2 polymorphs such as anatase and rutile. We also proved its sensitivity in rapid
and easy discrimination of the Nano-size particles from larger particles from the ratio value
generated from the peak intensities of TiO2 to GLN. Additionally, we also showed the
effect of numerous parameters on the SERS measurement of TiO2-NPs such as size and
concentration of the particles, concentration of the ligand and experimental parameters
such as point selection and incubation method. Various strategies of dispersion of NPs in
the aqueous solution was evaluated. Methods such as pH adjustment and ultrasonication
did not show any significant effect on particle dispersion as well as SERS analysis.
However, the use of a dispersing agent, sodium pyrophosphate in combination with probe
sonication resulted in significantly improved and stable dispersion. But this strategy was
not successful in the SERS analysis as the GLN was not able to attach with the TiO 2
because of the surface modification by the absorption of the pyrophosphate ions. This
method could not successfully differentiate the different sizes of the particles within the
nano-range. Which could be a cause of the particle agglomeration or the equivalent
enhancement SERS enhancement from the particles. Nevertheless, we noticed that the
intensity of the TiO2 peaks varies with the particle size therefore, further analytical
strategies based on the TiO2 peak for a fixed concentration, using Raman mapping should
be explored.
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CHAPTER 4
Evaluating the Potential of Filter-Based Raman Mapping for
the Analysis of TiO2-NPs
Abstract
In this chapter, we evaluated the potential of Raman mapping technique in combination
with membrane filtration as a rapid scanning tool to analyze TiO2-NPs. Raman imaging
instrument is the latest and advanced technique capable of collecting thousands of spectra
within a few minutes. We collected the map of four different sizes of TiO2, 173,93,41 and
5 nm samples after dispersing using probe sonicator with sodium pyrophosphate as a
dispersing agent. Our study found that the 100X magnification was the most capable of
detecting the smaller size particles up to 5 nm up to the concentration as low as 0.0004 g/L.
Moreover, we demonstrated the positive linear correlation between particle size, its
hydrodynamic diameter and % map area covered by the particles. Besides, we established
the linear relationship between the Raman intensities corresponding to their particle size at
0.04 g/L, which can be used in distinguishing the particles. At lower concentrations, no
statistical difference was found in the Raman intensities of particles within nano-rage,
although, the larger particles showed significantly higher intensity values.
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4.1. Introduction
New and advanced technologies is been developed in the detection and
characterization of nanomaterials. Amongst all, Raman spectroscopy and different
techniques associated with it such as Spontaneous Raman Spectroscopy, Surface Enhanced
Raman Spectroscopy, Resonance Raman Scattering and Coherent Raman are emerging as
rapid and ultra-sensitive tool with diverse applications because of its capability to detect
up to a single molecule126. One more addition to the recent advancement in the area of
Raman scattering is Raman Imaging and Mapping. Raman imaging techniques has seen
substantial interest as it allows a sample distribution map and label free imaging of
chemical compounds and microorganisms126. The advanced Raman Imaging instrument
provides impressively short spectrum collection time, collecting thousands of spectra in
just a few minutes.
Raman mapping has been found effective in many applications. Its application in
food and agriculture includes Polyacetylenes in vegetables, pathogen detection, bacterial
identification, food composition analysis, protein evaluation, adulterant detection etc.127.
Many researchers have shown its application in label-free mapping of bacteria128-130.
Additionally, its application in medical research includes mapping the neurotic plaques in
the brain of Alzheimer’s patients and the diagnosis of cancer131,132. Research has also
demonstrated its application in biomedical and drug delivery by label-free imaging of drug
delivery and intracellular uptake of nanocarriers126,131,132. Several researchers have also
explored mapping of nanoparticle using Raman imaging techniques133,134. However, to the
best of our knowledge, Raman mapping approach in identification and size characterization
of the nanoparticles has not to be explored.
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Titanium dioxide nanoparticles (TiO2-NPs) are widely used in many applications
including food and consumer products. With the recent research exploring its potential
toxicity, size characterization of TiO2-NPs becomes increasingly important. The structure
of the TiO2 particles is highly sensitive and can be detected using a simple Raman
technique without the requirement of signal enhancement from the substrate. Moreover,
Raman scattering of the metal particles is heavily influenced by their particle size,
especially within the nano-range. Considering these advantages, the objective of this study
was to evaluate the potential of filter-based Raman mapping technique in the analysis of
TiO2-NPs.
We assessed the samples with particle size ranging from 8 to 173 nm and
concentration from 0.04 to 0.0004 g/L to evaluate the potential of Raman mapping in the
analysis of TiO2-NPs based on the Raman intensities generated by the particles. The
membrane filtration technique was used to filer and concentrate the particles. TiO2-NPs are
dispersed in aqueous solutions and form large agglomerates. However, using the
combination of ultrasonication and dispersing agents, their hydrodynamic diameter can be
efficiently controlled, allowing them to retain on a 100 nm filter membrane. The
agglomeration and formation of a monolayer on a filter membrane provide size dependent
enhancement to the Raman signals from the particles. Also, the filtration technique can
permit large sample volume which can significantly push the detection limit making it
suitable for environmental applications.
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4.2. Materials and Methods
4.2.1. Materials
Titanium dioxide Anatase powder samples of particle sizes 8,41,93 and 173 nm
(Size obtained from TEM analysis) were purchased from US Research Nanomaterials Inc.
(Houston, TX) and MK Nano (Mississauga, ON) were used in this study. Sodium
pyrophosphate (SPP, Na4P2O7), purchased Sigma Aldrich (St. Louis, MO) was used for
particle dispersion. All the chemicals and reagents were prepared with ultrapure water
(18.2 MΩ·cm) from Barnstand Smart2Pure Water Purification System (Thermo Scientific,
Waltham, MA). Hydrophilic Polytetrafluoroethylene (PTFE) filter membrane with 0.1 µm
pore size and 25 mm diameter were purchased from Millipore Sigma (Burlington, MA).
4.2.2. Sample Preparation
Titanium dioxide suspensions, 0.4 g/L, were prepared in 0.005 M SPP solution made
in ultrapure water. The samples were first sonicated in a bath sonicator [Branson 2000,
Branson Ultrasonic, Danbury, CT] for five minutes to initially disperse the particles and
break the large lumps. To break the agglomerates and uniformly disperse the particles, the
TiO2 suspension was then sonicated using a probe sonicator (Fisher Scientific, Waltham,
MA) for 10 minutes at 75% Amplitude. The particle size of each sample was analyzed
using DLS. For the Raman measurements, sample dilutions of desired concentrations (0.04,
0.004 and 0.0004 g/L) were prepared with 0.005 M SPP solutions and properly mixed. One
milliliter of each sample was then filtered at negative 50 kPa pressure on 0.1 µm PTFE
filter membrane using the filtration system (Millipore Sigma, Burlington, MA) with a
chemical duty vacuum pump (Model WP6111560, Millipore Sigma, Burlington, MA). The
filtration assembly with a 13 mm holder was used therefore the sample was filtered in the
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13 nm area. However, a 25 nm filter membrane was used to fit onto the filtration system
base and to ensure accurate filtration without any air gaps. The filter membraned was
allowed to air-dry for 5-10 minutes and fixed on a glass slide using double sided tape for
the analysis under Raman microscope. Figure 4.1 illustrated the components of the
membrane filtration system used for the present study.

Figure 4.1 Components of a vacuum membrane filtration system
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4.2.3. Raman Mapping of TiO2-NPs
The Samples filtered on a filter membrane were analyzed on a Raman imaging
microscope (DXRxi, Thermo Scientific, Waltham, MA) equipped with a 780 nm laser.
The Raman instrument used in this study was different than the one used in the previous
experiments. DXRxi Raman microscope is the most advanced and most recent version
equipped with rapid mapping and imaging techniques. The instrument is capable of
collecting thousands of spectra within a few minutes and therefore is preferred for the
mapping of an area containing analyte on a filter membrane. All the analysis were
performed using 20 and 100X microscope lenses and 10.0 mW laser power. The slit
aperture and acquisition time was set at 50 µm and 0.05 seconds respectively. The data
was collected and analyzed using OMNICxi software (Thermo Scientific). At least 15
spots were randomly selected for each replicate. The mapping image was analyzed using
the peak height tool and adjusting the intensity threshold bar in the analysis mode on the
OMNICxi software. Discriminant analysis on TQ Analyst 9.7 software (Thermo
Scientific) was performed to average the spectra and to obtain the statistical spectrum.
4.2.4. DLS and Statistical Analysis
All the Dynamic Light Scattering (DLS) measurements during this study were
performed after probe sonication treatment of each suspension prepared in SPP solution.
All the samples were diluted appropriately to achieve the attenuation number between 6
and 8 in order to obtain accurate measurements. About 1 ml of the sample was analyzed
with Nano-ZS Zetasizer (Malvern Instruments, Malvern, UK) and the measurements were
recorded. Each analysis was performed in triplicates and mean values with error as
standard deviation was reported.
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4.3. Results and Discussion
Before, measurement of Raman imaging microscope, the hydrodynamic diameter for
each sample was measured by DLS. Table 4.1 presents the compilation of size data
obtained from supplier, electron microscopy and DLS with standard deviations. The DLS
data of the particles dispersed with SPP and probe sonicated shows significantly lower
numbers than presented in Table 3.2. Although the hydrodynamic diameter of each sample
is statically different (1-way ANOVA, p<0.05), their size range from approximately 200
to 350 nm. Based on this results 0.1 µm pore size of the membrane was chosen for the
filtration step to allow maximum particle retention. PTFE membrane was selected because
of its low background noise during Raman measurement and excellent compatibility with
various chemicals and solvents. Vacuum filtration technique was chosen over syringe
filtration to obtain accurate and rapid filtration. Moreover, vacuum filtration can also
handle large sample size to analyze lower concentration samples in environmental
applications. Membrane diameter of 25 nm was chosen to fit on the filtration base however,
however, filtration was carried out using a 13 mm holder to obtain filtration accuracy and
avoided any air-gaps.
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Table 4.1 Hydrodynamic diameter of particles prepared in 0.005 M SPP solution
and dispersed with probe sonication. Different alphabets mean statistically different
results (p<0.05)

Supplier Size Claim

SEM/TEM Analysis

DLS Measurements

(nm)

(nm)

(nm)

5

8±2

360±6a

40

41±7

325±8b

100

92±28

289±1d

800

173±66

192±4e

4.3.1. Raman Mapping of TiO2 particles
Each sample prepared by the protocol described above was analyzed using Raman
imaging microscope. Each sample was properly focused in such a way that the collected
mosaic area was in proper focus. Unfocused areas produce low or no signal intensity
therefore, the membrane was carefully placed on to the double-sided taped slide such that
the surface was leveled, and the wrinkles were minimized. For all samples, the map was
collected for approximately 400-450 µm of the area. Important measurement parameters
such as laser power, exposure time and pixel step-size were optimized such a way that
optimum signals for each sample were obtained with the lowest analysis time. The laser
power of 10.0 mW, exposure time of 0.05 seconds and analysis step-size of 5 µm pixels
was selected to obtain each analysis time around 5 minutes. Figure 4.2 (A) and (B) shows
the map of the negative control and the membrane with 93 nm TiO2-NPs, 0.04 g/L
concentration. Figure (C) and (D) shows corresponding Raman spectra of both control and
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sample respectively. In the Raman maps obtained in this study, the blue color represents
the lowest intensity or absence and red represents the highest intensity of the presence of
the peak analyzed. The map of negative control shows characteristic signals of PTFE
membrane at 285, 382, 731 and 1377 cm-1 and absence of the TiO2 peak. Both TiO2 and
membrane peak can be observed in figure (B). The signature peak of the TiO2 is found to
be a little bit shifted from 144 to 137 cm-1. This could be because of different Raman
instruments used in this study. Instrument component such as optical modules which is
responsible for the laser illumination and collection of Raman scattered photons could
result in minor peak deviations135.
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Figure 4.2 (A) and (B) are the Raman map of negative control and are 93 nm, 0.04
g/L TiO2-NPs respectively. Figure (C) and (D) shows the corresponding Raman
spectra of negative control and TiO2 particles respectively.
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4.3.2. Objective Lens
The next set of experiments were performed with both 20X and 100X objective lens
to identify the difference in the measurements and preferred lens that can efficiently
analyze nano-sized and larger particles. Three different concentrations for each sample,
0.04, 0.004 and 0.0004 g/L were analyzed. Figure 4.3 (A) through (L) depicts Raman maps
of different concentrations of 173 and 8 nm particles. Figure (A) to (C) and (D) to (F) are
the maps of 173 nm particles containing three different concentrations mentioned above
and analyzed using 20X and 100X objectives respectively. As shown in the figures and
table 4.2, at 0.04 and 0.004 g/L concentrations, the entire map area was covered by the
particles however, at 0.0004 g/L concentration, 100X objective was able to detect particles
more efficiently than 20X. Similarly, for the 8 nm particles, no differences in the map
results were observed between two different objectives at higher concentrations (Image
(G) and (J)). However, for 0.004 g/L concentration, the number of particles detected by the
100X was significantly higher than 20X ((H) and (K)) and no particles were detected by
the 20X objective at even lover concentration of 0.0004 g/L. But, the 100X objective was
still able to detect the particles ((I) and (L)).
For mapping under Raman imagining microscope, the sample is required to be in focus
to achieve optimum distance for the laser to interact with the analyte. Laser illumination
on and light collection from the sample in Raman spectrometer involves components such
as mirrors, fiber-optic probes, detector and microscopic objectives. In addition to the
acquisition time and laser power, the performance of Raman measurements depends on
optical parameters such as the optimum angle of collection and optical throughput135. The
light collection efficiency of the microscope is directly related to the Numeric Aperture
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(NA) of the objective. NA is the size of the conical beam of the light passing through the
lens136. Hence, the objective with higher NA has higher solid angle of light collection. As
the magnification increases, NA increases and reaches 0.95 at the very most in practical
cases. The NA of the 20X and 100X objectives used in this study were 0.40 and 0.90
respectively. At higher magnification and NA, the beam comes to the focus as very short
working distance and over a wide angle135. Therefore, the illumination profile of the
sample analyzed through 20X and 100X is completely different effecting the overall
analysis. Our results showed that analysis of larger particles such as 173 nm through
different microscope objectives produced almost similar analysis. But the smaller particles,
for example, 8 nm, showed better results at higher NA as a result of better focus and
illumination profile. From the Raman maps in figure 4.3 and table 4.2, no significant
difference in the % area covered by the particles was observed at higher concentrations for
20X and 100X magnification. However, as the concentration and particle size decreased,
100X was able to detect particles more efficiently. Similarly, no significant changes were
observed in the peak intensity of either particle at higher concentrations (0.04 g/L) while
analyzed at different magnification (Figure 4.4 (A)). But as seen in figure 4.4 (B),
significant increase in the peak intensity for both particles was observed at 0.0004 g/L
concentration at 100X magnification. Therefore, from this study it can be concluded that
100X magnification is more efficient in analyzing lower size and concentration of TiO2
particles, which is very important for the analysis of NPs in food and environment
application. Hence, the Raman map was collected using a 100X objective in the rest of the
study. The differences observed in the peak intensities and map area between the particles
regardless of the objective is discussed in the following section.
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Figure 4.3 (A), (B) and (C) are the maps of 93 nm TiO2-NPs 0.04, 0.004 and 0.0004
g/L concentrations respectively, collected from 20X objective. (D), (E) and (F) are
the map of same particles collected from 100X objective respectively. (G), (H) and
(I) are the map of 8 nm TiO2-NPs of 0.04, 0.004 and 0.0004 g/L concentrations
collected from 20X objective. (J), (K) and (L) are the map of same particles
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collected from 100X objective respectively.

a

A
a

b
b

b

B

b

a

Figure 4.4 Raman intensity of peak at 137 cm-1 for 173 nm and 8 nm TiO2 particles
analyzed using 20X and 100X magnification for concentrations (A) 0.04 g/L and (B)
0.0004 g/L. Similar alphabets on each bar means no significant difference in the

Raman intensity (p>0.05).
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Table 4.2 Percentage of Map area covered by different concentrations of 173 and 8
nm particles when analyzed using 20X and 100X microscope objectives
Map Area Covered by Particles (%)
Concentration of
TiO2 Particles, 173 nm

TiO2-NPs, 8 nm

Particles (g/L)
20X

100X

20X

100X

0.04

100

100

99.8

97.5

0.004

98.6

98.2

4.3

20.0

0.0004

3.4

5.8

0.0

0.5

4.3.3. Raman Mapping of Different Sizes of TiO2 particles
TiO2 suspensions of size 8, 41, 93 and 173 and three concentrations 0.04, 0.004 and
0.0004 g/L were prepared by the sample preparation protocol described in section 4.2.2.
The Raman maps for each sample were collected using the 100X objective and the analysis
parameters described in section 4.2.3. Table 4.3 shows the % of map area covered by
different sizes and concentrations of TiO2 particles. The significant reduction can be
noticed in the map area covered by the particles within the nano-range when the
concentration is decreased from 0.04 to 0.004 g/L, but no change is observed for 173 nm
particles. One of the possible reasons behind that could be understood from looking at the
particle size measurement data obtained from TEM and DLS (Table 4.1). The particle size
measured by TEM and hydrodynamic diameter obtained my DLS indicate that 173nm
particles were dispersed evenly without any agglomeration. On the other hand, all the other
particles, including 93 nm sample were found to be aggregated resulting in larger
hydrodynamic diameter than their true size. The uniformly dispersed and larger size of 173
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nm particles covers almost the entire membrane surface even at 0.004 g/L concentrations.
However, the other particles that are smaller in size and are agglomerated cover
significantly less area. We also found a linear correlation between the actual particle size
obtained from TEM, hydrodynamic diameter from DLS and % area covered by particles.
As the particle size decreased, the hydrodynamic diameter increased, therefore, the % map
area decreased (Figure 4.6 (A) and (B)). Besides, the pore size of the membrane used in
this study is 100 nm. The larger concentration of the nano-sized particle may block the
membrane pores, allowing more particle retention compared to lower concentration. At
lower concentrations, the agglomerated particles, if any may pass through the membrane.
Table 4.3 Percentage of Map area covered by different concentrations and sizes of
TiO2 particles

Concentration of Particles

Map Area Covered by Particles (%)

(g/L)

173 nm

93 nm

41 nm

8 nm

0.04

100a

93.0a

98.9a

97.5a

0.004

98.0 2a

51.6b

15.3d

4.7e

0.0004

5.8a

3.1b

1.7c

0.5c

Furthermore, we also analyzed the Raman intensities of the map collected from all
the particles. Figures 4.7 and 4.8 describes the findings. At 0.04 g/L concentration, all the
particles produced distinct Raman intensities and followed linear regression with the
coefficient of regression R=0.94. The Raman intensity of the 173 nm was the highest and
it reduced with the reduction in the particle size (figure 4.7). However, for lower
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concentrations such as 0.004 and 0.0004 ppm, different trends were observed. The Raman
intensity decreased with the decrease of the concentration and for 173 nm particles, it was
found to be significantly higher than nano-scale particles. But no statistical difference was
observed between the Raman intensities of 93,41 and 8 nm particles. The Raman intensities
of particles can be affected by many parameters such as size, shape and aggregation status.
Additionally, the monolayer arrangement of particles and dispersed particles have a
different response when illuminated by a laser. Monolayer aggregation of particles,
especially metal particles generates enhancement in the Raman signals, often referred to as
SERS enhancement103,137. The effect of SERS enhancement of the particles is even
dramatically effected by their physiological parameters such as size and shape. Since metal
particles such as silver and titanium dioxide are very sensitive to the Raman spectroscopy,
it makes it possible to detect them at very low concentrations and up to a single particle.
However, at these low levels, the signal enhancement is not as efficient as in aggregated
state in the presence of electromagnetic clouds. A similar phenomenon can be seen here.
The particle concentration of 0.04 g/L produces monolayer arrangement of the particles
providing significant signal enhancement where the effect of different particle sizes is
distinctive. Whereas, at lower concentrations of 0.004 and 0.0004 g/L, larger particles can
be distinguished from the nanosized particles based on the Raman intensities. Though a
smaller difference in the particle size is not distinguishable. Furthermore, from this study,
it can also be understood that although particle aggregation on the filter membrane provides
uniform and significant signal enhancement, localized aggregation may not have any
significant effect on the Raman intensity of a sample.
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Particle Concentration (g/L)

Particle
Size (nm)

0.04

0.004

0.0004

173

93

41

5

Figure 4.5 Raman maps TiO2 particles of different size and concentrations
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A

B

Figure 4.6 (A) Correlation of % map area covered by 0.0004 g/L particles to particle
size obtained by TEM and hydrodynamic diameter from DLS (B) Correlation of %
map area covered by 0.004 g/L particles to particle size obtained by TEM
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Figure 4.7 Raman intensity of 0.04 g/L TiO2 particles of different sizes

a

c

b

b

b

d

d

d

Figure 4.8 Raman intensities of 0.004 and 0.0004 g/L TiO2 particles of different
sizes. Similar alphabets on each bar means no significant difference in the Raman
intensity (p>0.05).
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4.4. Conclusion
The present study evaluated the potential of using Raman mapping technique in the
analysis of TiO2-NPs. We evaluated the effect of magnification, particle size and
concentration on the mapping results. We found that 100X magnification was more capable
of detecting the smaller size particles up to 5 nm up to the concentration as low as 0.0004
g/L. Moreover, we showed the linear relationship between the particle size, hydrodynamic
diameter and the % of map area covered by the particles. Additionally, we examined the
correlation between the Raman intensity obtained from the map and the particle size and
found linearity at 0.04 g/L concentration, which and be used in distinguishing the particles.
At lower concentrations, no statistical difference was found in the Raman intensities of
particles within nano-rage although, the larger particles showed significantly higher
intensity values. This study also successfully demonstrated the potential of membrane
filtration technique in the analysis of TiO2-NPs. This technique can further be applied in
analyzing the lower concentration of TiO2-NPs from food and environmental samples.
Although in this study the lowest concentration examined was 0.0004 g/L, further research
is required to determine the limit of detection. The advantage of the filtration method is
that the sample size can be increased in the detection of the ultra-low concentration of the
particles.

91

CHAPTER 5
Application of SERS and Raman Mapping Approaches in the
Detection of TiO2-NPs from Food Samples
Abstract
In the present chapter, we validated the SERS and Raman mapping approach in real-world
samples. We purchased three E171 samples from Amazon.com and three food samples:
coffee creamer, donuts, and chewing gum to assess the performance of the methods
developed in the last two chapters in the analysis of the TiO2-NPs. The preliminary Raman
analysis revealed that one of the E171 samples was rutile polymorph therefore, that sample
was excluded from further analysis. Preliminary SEM analysis revealed that chewing gum
contained the highest amount (69%) of TiO2-NPs. We then applied the SERS and Raman
mapping approach to predict the average particle size and the amount of NPs in each
sample. The SERS analysis showed the positive correlation of the mean particle size and
R in chewing gum sample and suggested that more standards in the range of 65 to 200 nm
are required to accurately determine the average particle size of the sample with a wide
range of particle size distribution. We also obtained the Raman maps of the samples and
evaluated them by using the map area and Raman intensity models developed in the
previous chapter. We were successfully able to predict the mean particle size of each of the
samples by using the Raman intensity model at g/L concentration and map area model at
0.0004 g/L concentration. Moreover, we also established the positive correlation between
the map area occupied by the NPs and the amount of NPs present in the sample by applying
the Raman intensity for 93 nm particles as the cut-off threshold.
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5.1 Introduction
The preliminary function of E171 is to providing white color to the food products. FDA
regulations allow the use of TiO2 in foods up to 1% of the total food weight60. According
to Weir at el., coconut curd, chewing gum, powdered donuts, candies, puddings, frostings,
iced-cookies, marshmallows, and coffee creamers are some of the products that contained
the most amount of TiO27. Studies report up to 36% of the TiO2 particles in these food
products may have at least one dimension less than 100 nm9. The quantification method of
the TiO2 from food samples is well established however, the size characterization is
challenging due to its smaller particle size. In recent years, there has been significant
interest in characterizing TiO2 particles used in food products as several studies report its
potential toxicological effects. Researchers have attempted to characterize the particle size
of bulk E171 as well as TiO2 extracted from food and consumer products9,7,64,138,139-141.
Various advanced technologies have been used but all of these technologies pose
significant limitations that hinder its application in a real manufacturing environment such
as for TiO2 manufactures or quality control in the food industry.
Various types of ICP techniques such as Single Particle (SP-ICP-MS), QuadrupoleICP-MS (ICP-QMS), Tandem (ICP-MS/MS), Sector Field ICP-MS (ICP-SFMS) and
asymmetric flow field-flow fractionation ICP-MS (A-ICP-MS) have shown the potential
in the detection of TiO2-NPs140. Though the studies characterizing TiO2 particles from
foods have mostly demonstrated the use of SP-ICP-MS. It is a powerful technique that can
detect up to a single particle however the studies have shown its size detection limit in the
range of 20-50 nm9,140. Scanning Electron Microscopy or Transmission Electron
Microscopy coupled with Energy Dispersive X-ray Spectroscopy (SEM-EDS and TEM-
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EDS) is another method that has been used in the analysis of TiO2-NPs. Although this
technology requires high capital investment, has a higher operating cost and the analysis is
very time-consuming which limits its application to research laboratories.
On the other hand, as explained in earlier chapters, Raman spectroscopy has various
advantages, the most important being, its sensitivity in the nano range. In this chapter, we
applied the two approaches: SERS and Raman mapping that we developed in previous
chapters to analyze the TiO2-NPs from ingredient E171 as well from food products. We
purchased E171 samples from three different manufacturers and three food products
containing TiO2 such as chewing gum, donuts, and coffee creamer from the supermarket.
We chose these products as they are widely consumed and contains a significant amount
of TiO2. The analysis of E171 followed a similar protocol as described in the previous
chapter but the food products were first digested to remove the matrix interference. All the
analysis was conducted as 0.04, 0.004, and 0.0004 g/L concentration. The average particle
size of the sample was determined from the R-value calculated from the SERS analysis.
The percentage map area covered by the particles was determined from the Raman maps
and particle size was correlated for each sample.
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5.2. Materials and Methods
5.2.1. Materials
Three food-grade titanium dioxide (E171) samples were purchased from different
suppliers on Amazon.com (Seattle, WA). Three food product samples: Hostess Donuts,
Coffee mate original powdered coffee creamer and Dentyne Ice Peppermint chewing gum
were purchase from a local Target store (Hadley, MA). Sodium pyrophosphate (SPP,
Na4P2O7), hydrogen peroxide (≥30% w/w) and gallocyanin (GLN) were purchased from
Sigma Aldrich (St. Louis, MO). Concentrated nitric acid and absolute ethanol were
purchased from Fisher Scientific (Waltham, MA). All the chemicals and reagents were
prepared with ultrapure water (18.2 MΩ·cm) from Barnstand Smart2Pure Water
Purification

System

(Thermo

Scientific,

Waltham,

MA).

Hydrophilic

Polytetrafluoroethylene (PTFE) filter membrane with 0.1 µm pore size and 25 mm
diameter were purchased from Millipore Sigma (Burlington, MA).
5.2.2. Sample Preparation
E171 samples were prepared by following the similar sample preparation protocol
described in section 3.2.2 and 4.2.2 of previous chapters. The food samples were first
digested to extract TiO2 particles. The samples in the amount of 0.1 to 0.5 g were first
weighed in the 15 ml borosilicate glass tube (Fisherbrand, Fisher Scientific, Waltham,
MA). The surface coatings of donuts and chewing gum accounts for the most amount of
TiO2 therefore, their surface was scrapped for the analysis. The samples were then digested
with 3 ml of nitric acid at 115o C for 40 minutes in the heating block (Fisher Scientific,
Waltham, MA). The samples were then completely cooled before adding 0.5 ml of
hydrogen peroxide. The samples were heated at 115o C for an additional 20 minutes to
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complete the digestion. Once cooled the supernatant was carefully discarded and
precipitated TiO2 was pipetted out in 1 ml of water. The particles were washed by
centrifuging at 6000 G for 3 minutes and the supernatant was discarded. They were washed
again with ethanol by centrifuging to remove fat-soluble compounds if there were any. The
particle was then diluted with an appropriate amount of ultrapure water or 0.005 M SPP
solution to achieve the desire working concentration.
The samples for SERS experiments were diluted with ultrapure water and sonicated in
bath sonicator [Branson 2000, Branson Ultrasonic, Danbury, CT] for 10 minutes to achieve
uniform dispersion. The rest of the sample preparation method followed the similar
protocol described in section 3.2.2. The samples for Raman mapping experiments were
diluted in 0.05 M SPP solution, then bath sonicated for five minutes and probe sonicated
(Fisher Scientific, Waltham, MA) for 10 minutes at 75% Amplitude. To obtain the desire
working concentration of 0.04, 0.004, and 0.0004 g/L, the dilutions were made based on
the TiO2 concentration estimation obtained for each product from Weir et al7. One milliliter
of each sample was then filtered through a 0.1 µm PTFE filter membrane using a vacuum
filtration system. Once completely air dried, the Raman map was collected using the
protocol described in section 4.2.3.
5.2.3. SERS Analysis and Raman Mapping
SERS analysis was performed using the protocol described in section 3.2.2. For all the
E171 samples and particles extracted from food, the analysis was performed at 0.04 g/L
concertation of particles and 5 µM concentration of GLN. The R-value was obtained by
taking the ratio of the peak intensities of TiO2 at 144 cm-1 to GLN at 1639 cm-1. The Raman
mapping was conducted using the experimental parameter described in 4.2.3. The maps
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were obtained using a 100X magnification lens at concentrations 0.04, 0.004, and 0.0004
g/L. The data were analyzed to obtain the % map area occupied by the particles and Raman
intensity for each sample.
5.2.4. SEM and Statistical Analysis
Reference particle size characterization of E171 particles as well as particles
extracted from food products was performed by Scanning Electron Microscopy (SEM)
(JEOL JSM-6320F). The SEM analysis for E171 samples was performed by placing the
powder samples onto a silicone base. For the size characterization from food samples, the
samples were digested first to extract the particles using the protocol described in section
5.2.2. Once the particles were washed, they were dropped on the glass slide and allowed to
dry for at least 48 hours before performing SEM analysis. Three clear and high-resolution
images were captured. Statistical analysis of the size distribution was conducted using
ImageJ software. More than 30 particles were measured for each image and distributed in
four different size categories: <60 nm, 60-100 nm, 100-200 nm, and >200 nm.
5.3. Results and Discussion
5.3.1. SEM Analysis
5.3.1.1. E171 Samples
Three E171 samples, S1, S2, and S3 were analyzed on SEM. Figure 5.1 A through
C shows the SEM images obtained for three E171 samples. The ImageJ analysis of the
images revealed that one sample contained more than 37% NPs whereas the other two
samples contained <7% NPs. Notably, Sample 1 was marketed as a nano-free product,
which actually contained more than 37% nanosized particles. However, it is worth noting
that only 2.6% of particles in Sample 1 and none in Sample 2 were identified in the range
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of ≤ 60 nm (Table 5.1) in which the standards were analyzed. The majority of NPs in
sample 1 was found to be between 60-100 nm. Figure 5.2 shows the particle size
distribution of all three E171 samples.

A

B

C

Figure 5.1 Scanning Electron Microscopic Images of (A) S1 (B) S2 and (C) S3 of food grade TiO2
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Figure 5.2 Particle size distribution of three E171 samples
5.3.1.2. E171 Samples
Figure 5.3 A through C depicts the SEM images of the TiO2 particles extracted from
coffee creamer, donuts, and chewing gum respectively whereas figure 5.4 shows the
particle size distribution. The SEM revealed that approximately 41%, 8%, and 69% TiO2
particles from coffee creamer, Donuts, and chewing gum respectively were nanosized. The
mean particle size for these samples was found to be 114, 195, and 97 nm. Additionally,
particles from coffee creamer showed similar particle size distribution and mean particle
size as observed in E171 S1 and Donuts as S3. The data obtained from the chewing gum
shell is very alarming as the TiO2 content of the chewing gum is approximately 0.5% of
the weight7 or approximately 7.5 mg per piece of chewing gum. The presence of close to
70% of nanosized particles could pose a significant health risk to its primary consumer
market of kids, teenagers, and young adults.
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A

B

C

Figure 5.3 Scanning Electron Microscopic Images of (A) Coffee creamer (B) Donuts and (C) Chewing gum

Figure 5.4 Particle size distribution of TiO2 particles extracted from
food samples
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5.3.2. SERS Analysis
5.3.2.1. E171 Samples
After obtaining SEM particle size distribution for all three E171 samples, we
performed the analysis on the Raman microscope. The results indicated the presence of the
characteristic peaks of both TiO2 anatase and GLN in all the samples except sample S2. S2
generated different peaks than characteristic anatase peaks. Upon investigating we found
that those peaks were from the rutile form of TiO2, which is used as a whitening agent in
non-food products, such as sunscreens (Figure 5.5). Since our approach focuses on
investigating the particle size of the anatase, S2 was excluded from further analysis.
Table 5.1 shows the R-value of the rest of the four E171 samples. For all four
samples, the R-value was higher than the cutoff value of 93 nm, which demonstrates the
majority of the particles are bigger the 100 nm. When plotted with the mean size data

Figure 5.5 SERS analysis if sample 2 showed the presence of rutile form of TiO2
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obtained from SEM, we did not find any strong correlation. However, there is a positive
correlation between the
R and the percentage of particles within the 100-200 nm range. The higher
percentage of the particles in this range, the larger R. When looking into the nanoparticles,
all samples showed the presence of no or very small fraction (≤ 6%) of particles at <65 nm.
Up to 34% of particles were found to be in the range of 60 to 100 nm at which SERS data
is unavailable as we were not able to source the standards in that range. The result
demonstrates the need for more data of the particles between 65 and 100, 100-200, and
>200 nm. With these data, it is potential to establish an R standard for quality control of
E171 and regulation analysis.
Table 5.1 Mean particle size distribution and R-value for the E171 samples
E171
Particle Size Distribution Obtained from SEM
R-Value
Samples

(%)

Obtained from

≤ 60 nm

61 – 100 nm

101 – 200 nm

> 200 nm

SERS Analysis

Sample 1

2.6

34.5

60.3

2.6

93.8

Sample 2

0

7.5

47.1

45.4

NA

Sample 3

0

6.0

49.2

44.7

70.9

5.3.2.2. Food Samples
The R for the TiO2 particles extracted from the food sample was calculated from the
SERS spectra. As seen in Table 5.2 Both coffee creamers and Donuts had almost identical
particle size distribution and reported similar R-values. This further validates the
performance of the SERS method in complex matrices with varied particle size
102

distribution. Although there was no significant difference ((P<0.05) was found between
the R-values of the foods and their corresponding E171 samples, it is worth noting that
both the samples had a slightly higher percentage of NPs, which may have contributed to
the marginally lower R-values for food samples. The chewing gum particles reported the
R of 32.5 and we were able to validate this data by looking at the particle size distribution.
We propitiated the R-value of the particles in the range where we have the standard R
available and summed the R fractions obtained. We considered the R of 3.5 for the particles
<60 nm, 15.1 for the particles in the range of 61-100 nm and 84.2 for those in between 100200 and calculated the R using the following formula:
𝑅 = 𝑎(3.5) + 𝑏(15.1) + 𝑐(84.2)

Equation 5.1

Where, a, b and c are the factions of the particles obtained from the particle size distribution
chart. The R calculated from equation 5.1 was 32.5 which matches the R obtained from
SERS analysis. The particles in the range of >200 nm were excluded from this calculation
due to the unavailability of standards. However, we do not anticipate major increases in
the adjusted with the incorporation of >200 nm data because of its very low fraction (0.02)
of the entire sample. However, further experiments are required to obtain the R for more
standards within the range of 100-200 nm as well as >200 nm.
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Table 5.2 Mean particle size distribution and R-value for the TiO2 particles from
food samples
Food Samples

Particle Size Distribution Obtained from SEM

R-value

(%)

Obtained from

≤ 60 nm

61 – 100 nm

101 – 200 nm

> 200 nm

SERS Analysis

Coffee Creamer

6.8

34.5

53.1

5.6

86.9

Donuts

0.8

7.6

48.3

43.2

63.1

12.1

57.1

28.6

2.2

32.5

Chewing gum

5.3.3. Raman Mapping
5.3.3.1. E171 Samples
We obtained the Raman maps of samples S1 and S3 and analyzed using the analysis
protocol developed in section 4.3.3. Sample S2 was not further analyzed as the initial
analysis revealed its crystal type as rutile. Figure 5.6 shows the Raman maps of S1 and S3
at 0.04, 0.004, and 0.0004 g/L concentrations. Using ImageJ software, the % map area
covered by particles was analyzed and fit into the models developed in section 4.3.3 to
estimate the particle size. Maps of 0.04 and 0.0004 g/L concentrations were used to
determine average particle size. The map area obtained at 0.0004 g/L was fit into equation
5.1 and the Raman intensity at 0.04 g/L was fit into equation 5.2.
𝑦 = 31.517𝑥 − 8.7103

Equation 5.2

𝑦 = 134.39𝑥 − 720.78

Equation 5.3
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Where in equation 5.2, x is % map area occupied by particles at 0.0004 g/L concentration
and y is the estimated particle size. In equation 5.3, y is the Raman intensity obtained at
0.04 g/L concentration and x is the estimated particle size. Table 5.3 compares the
estimated particle size obtained through Raman mapping with the mean particle size
obtained from SEM. The average particle size estimated from both map area and Raman
intensity closely matched with the mean size obtained from SEM analysis and showed no
statistical difference (p≥0.05). Thus, using the Raman mapping technique, we were able to
accurately predict the average particle size of the E171 sample containing a broad range of
particle size distribution.
Besides, we also utilized Raman mapping and the map area to differentiate the
nanoparticles from the microparticles. As discussed in section 4.3.3 of the previous chapter,
a linear relationship can be established between the Raman intensity and the particle size
at saturation concentration such as 0.04 g/L which can cover the entire filter area uniformly.
Using the linear relationship, the Raman intensity of approximately 23300 for the TiO2
peak at 144 cm-1 for 93 nm particles can be established as a cut-off to differentiate the
nanoparticles. Therefore, we set the intensity threshold bard to the cut-off intensity to
differentiate the area occupied by NPs and producing lower intensity as blue and area
occupied by larger particles with higher Raman intensity as red (figure 5.7). We calculated
the map area covered by the larger particles using ImageJ software and deducted from the
total area covered by the particles (which is ~100%) to obtain the area covered by the NPs.
As seen in Table 5.4, the map area for the NPs correlated with the amount of NPs obtained
from SEM analysis for sample 1. However, we did not see such a correlation for sample 3
because it contained a very small amount of NPs (~4%). This amount was small enough so
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that the lower intensity signals produced by NPs were masked by the higher intensity
signals from larger particles. Detecting such a low amount of NPs could be a limitation of
this approach however, further study is required to systematically determine the limit of
detection.

Particle Concentration (g/L)

E171
Sample

0.04

0.004

0.0004

S1

S3

Figure 5.6 Raman maps of two E171 samples at 0.04, 0.004 and 0.0004 g/L
concentrations.
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Table 5.3 Estimated average particle size for E171 sample shows no significant different compared to
the mean size from TEM analysis. Similar alphabet in a raw mean no significant difference (p≥0.05)
E171

Mean Particle

Samples

Size from
SEM (nm)

Raman Mapping data at 0.0004 g/L

Raman Mapping data at 0.04 g/L

Area Covered

Raman

Estimated Particle

Intensity

Size (nm)

Estimated

by Particles (%) Particle Size (nm)
S1

117±5a

3.6

113.2±17 a

15293

119.2±0.4 a

S3

205±19 b

7.1

213.5±17 A

29350

223.8±15 b

E171

Total Area Occupied by

Area Occupied by NPs

Sample

Particles (%)

(%)

S1

S3

Figure 5.7 Total area occupied by particles vs area occupied by NPs at 0.04 g/L
concentration. Blue pixels in the threshold map represents NPs whereas red pixels
represents larger particles
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Table 5.4 Estimation of the amount of NPs in E171 samples. Different alphabets in a raw mean
significant difference between the values (p<0.05).
E171

SEM

Samples

Analysis

Raman Mapping

≤ 100 nm

Total Map area Occupied

Area Occupied by

Area Occupied

(%)

by Particles (%)

Larger Particles (%)

by NPs (%)

S1

37.1±7.5a

99.9

64.1

35.9±2.0a

S3

6.0±.5.8b

99.9

99.8

0.1±0.0c

5.3.3.2. Food Samples
Raman mapping for the particles extracted from the food sample was conducted the
similar was as E171. Figure 5.7 represents the maps obtained at approximately adjusted
0.04, 0.004, and 0.0004 g/L concentrations. The ImageJ analysis of the 0.04 and 0.0004
g/L maps was conducted similarly as described in section 5.3.3.1. Table 5.5 represents the
average particle size analyzed from % map area covered by particles at 0.0004 g/L as well
as from Raman intensity at 0.04 g/L. The results showed no significant difference in the
average particle size obtained from SEM and Raman mapping for both Donuts and chewing
gum samples. However, the coffee creamer data from Raman mapping was found to be
significantly lower than the SEM results. One of the potential reasons for that may be
attributed to either the estimated concentration based on the literature review or the lower
particle recovery from the digestion process. The data obtained from the literature was
published in 2012 and there may have been a change in the manufacturer formula of coffee
creamer. The map area occupied by particles is concentration-dependent as lesser particles
occupy the lesser surface area. In addition, both the mass of the particles as well as the size
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of the particles contribute to the Raman intensity therefore, the lower concentration may
result in lesser mass under the lesser spot resulting in lower Raman intensity. Moreover,
particle loss may also have occurred during the extraction and washing stages. Therefore,
further study is required to determine the accurate quantification and recovery of the
particles from digestion using ICP-MS to optimize the results.
Furthermore, we evaluated the Raman maps at 0.04 g/L concentration to estimate
the amount of NPs by adjusting the intensity threshold as discussed in section 5.3.3.1.
Figure 5.8 indicates the threshold adjusted maps where blue pixels represent NPs and red
pixels represent larger particles. We found that the map area obtained after the intensity
threshold had a positive correlation with the %NPs present in the sample (Table 5.6). We
did not find any significant difference in the % map area derived from thresholding the
0.04 g/L map and the amount of NPs determined from SEM analysis (P≥0.05). Therefore,
the Raman mapping approach showed similar performance in the TiO2 particles extracted
from complex food matrices.
Thus, this data shows that the Raman mapping approach can accurately determine
the average size of the TiO2 particles as well as estimate the amount of NPs present. Raman
mapping technique can be utilized as a rapid, easy, and economical approach compared
with the electron microscopic method.
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Particle Concentration (g/L)

Food
Sample

0.04

0.004

0.0004

Coffee
creamer

Donuts

Chewing
gum

Figure 5.7 Raman maps of TiO2 particles from food samples at 0.04, 0.004 and 0.0004
g/L concentrations.
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Table 5.5 Estimated average particle size for TiO2 particles in food. Different alphabet in a raw
indicates significant difference in the values(p<0.05).
Food Samples

Mean Particle

Raman Mapping data at 0.0004 g/L

Raman Mapping data at 0.04

Size from
SEM (nm)

g/L
Area Covered

Estimated

by Particles (%) Particle Size (nm)

Raman

Estimated

Intensity

Particle Size (nm)

Coffee creamer

114±3a

3.2

90.0±2 b

11579

91.5±7.4 b

Donuts

195±12c

6.8

206.7±1.0 b

23673

186.6±6.5 c

Chewing gum

97±4b

3.4

98.4±3.4b

10925

86.7±4.4b

Table 5.6 Estimation of the amount of NPs in TiO2 particles from food samples. Similar alphabet in a
raw mean no significant difference (p≥0.05)
Food Samples

SEM

Raman Mapping

Analysis
≤ 100 nm

Total Map area Occupied

Area Occupied by

Area Occupied

(%)

by Particles (%)

Larger Particles (%)

by NPs (%)

Coffee creamer

41.2±4.9a

99.9

65.5

34.5±5.2a

Donuts

8.5±2.1b

100.0

91.4

9.6±2.0b

Chewing gum

69.2±5.9 c

99.9

28.6

71.4±2.9c

111

Food

Total Area Occupied

Area Occupied by

Samples

by Particles (%)

NPs (%)

Coffee
creamer

Donuts

Chewing
gum

Figure 5.8 Total area occupied by particles vs area occupied by NPs at 0.04 g/L
concentration. Blue pixels in the threshold map represents NPs whereas red pixels
represents larger particles
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5.4. Conclusion
In this chapter, we evaluated the application of SERS and Raman mapping
approach developed in the analysis of the TiO2 particles from E171 and food samples. In
conclusion, the found that using the SERS approach, a positive correlation with the R can
be potentially established to determine the mean particle size of the sample. However, a
lack of R for standards between 65 and 200 nm range limited the accuracy of the method.
Therefore, more accurate models can be developed by establishing the R for various
particle size samples in addition to the ones analyzed in this study. Moreover, We found
that Raman mapping techniques were successful in predicting the mean particle size as
well as the amount of NPs from the samples Mean particle size of the samples was
predicted by using the Raman intensity and map area models. Additionally, the amount of
NPs was determined by establishing the correlation with the map area obtained by adjusting
the Raman intensity threshold based on the cut-of intensity for the 93 nm particles. In all,
we exhibited the potential and application of both SERS and Raman mapping in the
analysis of TiO2-NPs from the ingredient TiO2 as well as commercial foods samples.
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CHAPTER 6
SUMMARY AND OUTLOOK

In this dissertation, we evaluated the potential of Raman spectroscopic method for
the analysis of TiO2-NPs. We successfully developed SERS and Raman mapping methods
and demonstrated its application in the analysis of TIO2-NPs from ingredient TiO2 (E171)
as well as the TiO2 extracted from food samples. We first showed that Raman spectroscopic
techniques are the rapid, efficient, sensitive, and economic tool that can be used for the
quality control of the TiO2 as well as food products. In the SERS based method, we proved
that the R-value obtained from the peak intensity ratios of the TiO2 peak at 144 cm-1 as to
GLN peak at 1639 cm-1 is preliminarily dependent on particle size, which can be
determined to estimate the average particle size of the sample. We then developed a Raman
mapping based approach to estimate the mean particle size as well as the amount of NPs.
Here we established a positive correlation between both Raman intensity and the map area
occupied by particles with particle size. From there we used the Raman intensity of 93 nm
particles to adjust the threshold in the Raman map to determine the amount of NPs.
We then validated both of these methods by applying them to real-world samples
with a broad range of particle size distribution such as ingredient TiO2 samples and TiO2
extracted from foods. We proved that the mapping method was able to accurately
determine the average particle size for the E171 samples as well as for the particles
extracted from food. In addition, using the mapping technique we successfully predicted
the % of nanosized particles from the samples analyzed. The SERS method was also
successful in determining the average particle size however, due to the lack of standards
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data, no accurate correlation was possible. Table 6.1 summarizes the advantages and
limitations of both methods.

Table 6.1 Advantages and limitations of SERS based, and Raman mapping based approaches
Approach
SERS based

Capabilities & Advantages
•

•

•

•

Limitation

Utilizes R-value obtained from TiO2

•

and ligand peak intensities to predict

and a ligand with a strong SERS

particle size

signal is required

R is independent of concentration and

•

•

Mapping based

in the surface chemistry of the

Can determine the mean particle size

TiO2 particles hinders the

of the sample

binding ability of the ligand

Sensitive at a minimum of 0.0004 g/L

•

Mean particle size can be estimated

particles as well as Raman intensity
of TiO2 particles

R for many different particle size
standards need to be generated

•

using the map area occupied by

•

Matrix interferences and change

particle agglomeration

concentration and 30 nm particle size
Raman

The method is ligand depended

Concentration depended on
method

•

Uniform particle dispersion is
required

The amount of NPs can be estimated
by applying the Raman intensity of
93 nm particles as a cut-off

•

Label-free method

•

Can detect particles up to 5 nm
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The future work around this research can focus on obtaining more data of R on
additional standards in the range of 60 to 100 nm, 100 and 200 nm, and >200 nm. Which
will help understand the SERS mechanism of TiO2 particle in a better way which in turn
will develop more accurate methods for TiO2-NPs analysis. Additionally, ligands with
stronger binding affinity and stronger SERS single can further enhance the performance
and sensitivity of the method. In the present study, we showed the linear correlation of the
R within the mix of 93 nm and 40 nm particles at different proportions, but more of such
models need to be built with standards of different particle sizes to further improve the
accuracy. Moreover, additional experiments should also be conducted to further validate
the methods in more food samples. Forthcoming studies may also focus on determining the
limit of detection of the mapping method in a heterogeneous system. Furthermore, this
research only focused on the analysis of anatase polymorph of TiO2 however, rutile
analysis should also be explored using the methods developed here. With the identification
of LoD, and the rutile analysis method, the mapping method can then be further applied to
evaluate TiO2-NPs from environmental systems.
As the recent research suggests potential toxicity of TiO2-NPs for humans,
consumer acceptance of E171 is negatively impacted because E171 contains TiO2-NPs.
As it is challenging for the food industry to find an economic, stable, and effective white
colorant, it is important to control the size of the E171 during the production and
application. A rapid analytical method for the analysis of TiO2will facilitates the quality
control of E171 and regulation surveillance, making E171 and food containing E171 safer
and more acceptable for the consumers.
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